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ABSTRACT

Organic matter, upon dissolution into the aqueous state as dissolved organic matter
(DOM), can undergo mineralization by microbes (biodegradation). There has been increasing
effort to characterize DOM released from thawing permafrost because it may perpetuate a
permafrost carbon feedback. Permafrost-derived DOM has a composition that can be highly
susceptible to biodegradation (biolabile), but studies to date have been limited in scope.
Importantly, diversity in deposit type and thaw modification processes have led to spatial and
stratigraphic variability in permafrost, but our understanding of how the composition and
biolability of DOM derived from differing permafrost types (end-members) is poor.
Furthermore, few studies couple biolability measurements with assessing the microbial
community structure, despite the important role that these microbes play in degrading DOM.
This project aims to investigate how the composition of DOM leached from diverse permafrost
end-members may vary, how compositional differences may relate to biodegradation rates, and
how microbial communities sourced from contrasting thaw-affected areas may differ in their
structure, or enable differences in biodegradation rates. Using Fourier transform ion cyclotron
resonance mass spectrometry, we identified marked variation in DOM composition among
permafrost end-member types. Permafrost leachates were generally higher in aliphatics, lower in
aromatics, and were less oxygenated than active layer leachates. Tills were compositionally
dissimilar to all other permafrost end-members. Compounds unique to Yedoma were
predominantly aliphatic, while compounds unique to peat, lacustrine, and diamicton spanned
saturation and oxygenation. DOM compositional differences were linked to varying carbon-
normalized biodegradation rates in the incubation experiment. Though there was variation by

site, DOM compositional shifts demonstrated that microbially-produced/protein-like components
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were preferentially consumed over terrestrially-derived/humic-like components. Biodegradation
rates were slightly elevated in samples treated with microbial communities from aqueous
environments, and the source of the inocula influenced the direction and extent of structural
divergence of the communities over time. In all cases, compositional differences appear to reflect
not only variation in permafrost parent materials, but also a strong effect from thaw-driven
modification processes. Constraining DOM composition, biolability, and assessing its
stratigraphic variability, linked with assessing microbial communities, will become more

pressing as the spatial and stratigraphic extent of thaw increases with future warming.
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CH. 1: Introduction

1.1 Climate Change, Carbon, and the Arctic

Since substantial atmospheric release of greenhouse gases, such as carbon dioxide, in the
last century has led to climate change, there has been increasing effort to understand the
processes within ecosystems that both sequester and release carbon (Heimann and Reichstein
2008). Due to profound changes in Earth system processes, the ability for an ecosystem to act as
a sink may decline over time, and some ecosystems may transition to becoming a source of
carbon (Le Quéré et al. 2009). This shift is expected to occur in permafrost regions, where
warming temperatures enhance permafrost thaw and cause previously sequestered carbon to be
released into the atmosphere, creating a positive feedback loop with climate change (Schuur et

al. 2015).

Concern about the permafrost carbon feedback has prompted estimates of the amount of
carbon stored in northern regions, and predictions for the amount of carbon that may be released
following thaw. A recent estimate suggests that approximately 1460-1600 Gt of organic carbon
may be stored in Arctic and boreal permafrost regions, of which between 10-240 Gt of carbon
may be released into the atmosphere by 2100 (Meredith et al. 2019); but uncertainty regarding
the mechanistic pathways that affect storage and release of carbon in different regions hampers
predictions. While there are different mechanistic pathways for release and uptake of carbon, one
of the key natural pathways for release of atmospheric carbon is through microbial
decomposition (biodegradation; Battin et al. 2008). Importantly, not all organic matter is equally
susceptible to degradation, due in part to differences in the composition of the substrate
(Marschner and Kalbitz 2003) and activity of the microbial community (Graham et al. 2012).
Since the rate and extent of biodegradation will partly dictate the subsequent release of carbon
dioxide, there has been a surge in studies in the last decade that aim to quantify biodegradability

of permafrost-derived organic carbon.

1.1.1 The Emerging Consensus of Biolabile Permafrost-DOM

Carbon stored in organic matter can become available to biodegradation following
dissolution into the aqueous state as dissolved organic matter (DOM), and can undergo
biodegradation in situ, along transport pathways, and within aquatic systems (Abbott et al. 2016).

There are strong interactions between terrestrial and aquatic environments in permafrost



landscapes, which enable multiple different pathways for transport and processing of carbon
(Vonk, Tank, and Walvoord 2019). Porewaters leach DOM from soils, which can then travel
through sub-surface channels or interact with various types of surface waters including streams,

rivers, ponds, or lakes, and can eventually reach the Arctic ocean.

There have been numerous investigations of DOM biodegradation within aquatic
systems, and more recently for permafrost soil leachates, which have identified that
compositional differences in permafrost-DOM make it more readily biodegraded than
contemporary sources of DOM. In aquatic systems, DOM from permafrost thaw streams has
demonstrated relatively high biodegradability compared to modern river DOM sources (Vonk et
al. 2013), with decomposition occurring most rapidly in first-order watersheds, allowing the
permafrost ‘signal’ to quickly disappear within stream networks (Spencer et al. 2015; Drake et
al. 2015). In situ, mineralization can occur immediately upon thaw within soil pore waters
(Vonk, Tank, and Walvoord 2019), where biodegradation rates of permafrost-derived DOM can
not only exceed active layer-derived DOM (Ward and Cory 2015; Panneer Selvam et al. 2017,
but see Wickland et al. 2018), but can further increase with depth (Heslop et al. 2019).

The differences in susceptibility to biodegradation, or biolability, have been linked to
DOM compositional differences, because permafrost generally contains relatively high
proportions of protein-like, microbially-produced, and aliphatic compounds that are
preferentially consumed over humic-like, terrestrially-derived, aromatic compounds (Wickland
et al. 2012; Abbott et al. 2014; Drake et al. 2015; Ward and Cory 2015; Spencer et al. 2015;
Mann et al. 2016; Wickland et al. 2018; Textor et al. 2019). This has led to an emerging
consensus that permafrost-derived DOM is universally highly biolabile, even though few studies
consider how the composition of permafrost-origin DOM may vary according to its formation

and modification processes.

1.1.2 Uncertainties Remain for Permafrost-DOM Variability

The circumpolar Arctic is heterogeneous at regional, landscape, and stratigraphic scales,
highlighting the need to consider how variability across these scales may influence the
biogeochemistry of DOM that is liberated to aquatic flowpaths following permafrost thaw. At a
regional scale, numerous biodegradation and compositional studies have been completed for

areas such as Siberia (Vonk et al. 2013; Spencer et al. 2015; Mann et al. 2016), and Alaska



(Drake et al. 2015; Ewing et al. 2015; Ward and Cory 2015; Wickland et al. 2018; Heslop et al.
2019; Textor et al. 2019), but are somewhat sparse for China (Wang et al. 2018) and Canada
(Littlefair and Tank 2018). These regions differ in their geological history, where factors such as
glaciation, extent of permafrost, and parent material can all contribute to the chemical
composition of permafrost (Lacelle et al. 2019; Tank et al. 2020), and therefore may also impact
the biogeochemical cycling of permafrost-derived DOM. At a landscape scale, biodegradability
has been assessed in permafrost peatlands (Panneer Selvam et al. 2017; Burd et al. 2020), but
other landscape types, such as forested areas, riparian zones, or hills and valleys, are either
consolidated (e.g., Wickland et al. 2018) or have been excluded from studies to date. Ata
stratigraphic scale, most biogeochemical studies do not consider variation with depth, and focus
on a single type of permafrost “end-member”, even though stratigraphic units that have
undergone subsequent modification can display geochemical characteristics (Burn 1997; Lacelle
et al. 2019). Here, the term “end-member” refers to permafrost that formed under varying
environmental conditions, which is influenced by geological setting, climate, and ecosystem

history that act together over time to shape distinct types of permafrost material.

1.1.3 Microbes in Permafrost are Influenced by Thaw and DOM Composition

In recent decades, a surprising consensus has developed that even at low temperatures
within permafrost, microbes can be active by growing, dividing, and performing metabolic
functions (e.g., Mackelprang et al. 2017). These active microbial communities can be highly
diverse across permafrost regions (Malard and Pearce 2018 and references within). The
heterogeneity of permafrost landscapes may contribute to spatial variation in local microbes,
influencing both the taxonomic structure and the functional capabilities of the microbial
community (Jansson and Tas 2014). In addition to differing between the active layer and
permafrost, the microbial community composition can be highly variable within permafrost
stratigraphies, varying at scales as fine as 3 cm (Miiller et al. 2018). Microbial diversity is also
reflected in surface water environments, such that the taxonomic structure can vary not only
between thaw ponds and rock-basin lakes, but also demonstrate immense diversity among thaw

ponds within the same valley (Comte et al. 2016).

Despite the diversity of permafrost microbes, they can be vulnerable to impacts from
permafrost thaw (Blaud et al. 2015). Following thaw, the permafrost microbial community

structure can rapidly converge to become more similar to the active layer (Mackelprang et al.



2011). Permafrost thaw can induce structural changes by decreasing the representation of
Proteobacteria, Acidobacteria and Actinobacteria, while increasing representation of Firmicutes
and Bacteriodetes (Coolen and Orsi 2015). In situ sustained thaw (ten years of experimental
warming) linked microbial community structural changes to differences in respiration rates,
suggesting thaw-induced structural shifts may have important implications for carbon cycling

(Monteux et al. 2018).

Permafrost thaw can also indirectly affect microbes by changing the types of substrate,
such as through differing DOM compositions, that are readily available for microbes to utilize.
The source of DOM can strongly shape microbial community structure (Ward et al. 2017), such
that microbes from different inocula sources can converge based on the source of DOM (Judd,
Crump, and Kling 2006). Less oxygenated compounds found in permafrost-derived DOM were
associated with higher bacterial production rates and growth efficiencies when compared to the
more oxygenated DOM derived from the active layer (Ward and Cory 2015). In contrast, while
there were no significant differences in production or growth efficiencies, there were higher
bacterial respiration and carbon consumption rates when microbes were exposed to more
biolabile DOM derived from thawed permafrost relative to the active layer (Panneer Selvam et

al. 2017).

It is important to consider not only how permafrost thaw may affect microbes, but also if
there are implications for DOM biodegradation rates. Retrogressive thaw slumps, a dramatic
form of permafrost thaw (Lacelle et al. 2015; Kokelj, Tunnicliffe, and Lacelle 2017), can
mobilize substantial thaw material and alter the composition of DOM in recipient streams
(Littlefair, Tank, and Kokelj 2017). However, a gap of knowledge remains on how the
composition of microbial communities may be affected by thaw slumps, or if changes in the
microbial community may subsequently affect biodegradation rates of DOM derived from

thawing permafrost.

1.1.4 Study Region Description

The western Canadian Arctic is a highly diverse region, where permafrost stratigraphies
can contain multiple permafrost end-members that have undergone various formation and
modification processes (Rampton 1988). We included samples from three general areas that

represent varying permafrost extent, glacial legacy, and thermokarst influence. The northernmost



area is along the Inuvik-Tuktoyaktuk Highway (ITH), NT, which spans a forest to tundra transition
(south to north; Kokelj et al. 2017a), and includes plains with gently sloping topography, as well as
the coastlands that have hummocky topography (Rampton 1988) with abundant lakes (Burn and
Kokelj 2009). To the southwest is the Peel Plateau, NT, a fluvially-incised moraine landscape,
with abundant ice-rich tills and a patchy distribution of glacifluvial and glacilacustrine sediments
(Kokelj, Tunnicliffe, and Lacelle 2017; Kokelj et al. 2017b). These two areas (the ITH and Peel
Plateau) are in the continuous permafrost zone within a region that was previously glaciated, and
have been strongly shaped by the glacial legacy (Burn and Kokelj 2009; Mackay 1963; Rampton
1988). Extensive permafrost thaw, thermokarst development, and lake drainage through the

Holocene has significantly modified these glacially conditioned landscapes.

The Peel Plateau has abundant valleys and streams that incise the landscape, where recent
warming has intensified thermokarst activity (Kokelj et al. 2017b). Thermokarst can manifest as
multiple geomorphic formations, but retrogressive thaw slumps are the dominant mode of slope
failure in the Peel Plateau (Lacelle et al. 2015; Kokelj, Tunnicliffe, and Lacelle 2017). The
headwalls of these thaw slumps expose a striking permafrost stratigraphy, typically revealing an
active layer overlying permafrost above a thaw unconformity demarcating the extent of deeper
thaw during the early Holocene, and underlying ice-rich tills (Burn 1997; Zolkos, Tank, and
Kokelj 2018; Lacelle et al. 2019). The relict active layer formed during a warming period in the
early Holocene, when an increase in active layer thickness facilitated soil development. Upward
aggradation of permafrost followed in association with cooling during the middle and late

Holocene (Burn 1997; Kokelj et al. 2017b; Lacelle et al. 2019).

The southernmost area is in the Klondike region of central Yukon, which is in the
discontinuous permafrost zone and was not previously glaciated (Froese et al. 2009). Here,
loessal sediments and a variety of ground ice bodies formed, creating ice-rich syngenetic permafrost,
locally known as ‘muck’, and otherwise referred to as ‘Yedoma’ (terminology varies by country and
discipline; French and Pollard 1985; Schirrmeister et al. 2013). While this region has undergone
significant aggradation of loessal silts, variation in temperature through the Pleistocene caused
marked shifts in vegetation, productivity, and the rapidity of permafrost aggradation, and thus also

the organic matter content of these Yedoma soils (Mahony 2015).



1.2 Project Goals and Research Objectives

The variation in permafrost characteristics across the western Canadian Arctic provides
an opportunity to test how permafrost-origin DOM may vary according to differing formation
processes. This project aims to investigate how the composition of DOM leached from
permafrost may vary across diverse permafrost end-members, how compositional differences
may relate to biodegradation rates, and if these biodegradation rates are affected by the addition
of microbial communities sourced from areas with contrasting degrees of impact from

permafrost thaw.

This thesis is formatted as two manuscript-style chapters with appendices. Details for the
objectives and hypotheses for each data chapter are described below. The final chapter provides
a summary of general conclusions, including a brief discussion of some limitations for the results
presented. I also provide recommendations for future research that could build upon the findings

described in this thesis.

The first component of my thesis undertakes a highly detailed DOM compositional
analysis for multiple end-member types, using permafrost cores that were previously collected
by Dr. Duane Froese, Dr. Steve Kokelj, and colleagues, augmented by a series of near-surface
samples that I collected in summer 2018. The research objectives for Chapter 2 are: to assess (1)
how DOM composition may vary across end-members that have contrasting histories of
formation and modification; and (2) how the composition of DOM leached from contemporary
active layer samples from multiple landscape types (peatland, riparian and hilltop) compares to the

composition of DOM leached from permafrost end-members.

I hypothesize that (1) DOM composition will differ among end-member types, such that
the proportion of aliphatic compounds will be highest in Yedoma and till samples due to reduced
processing, and lower in diamicton, lacustrine and peat samples due to partial processing; and (2)
active layer samples will have similar DOM composition across landscape type, but that the
active layer leachates will contain a higher proportion of aromatic compounds and more

oxygenated compounds relative to permafrost leachates.

The second component of the project includes a biodegradation experiment for DOM
derived from the contemporary active layer, the Holocene-associated relict active layer, and

Pleistocene-associated tills, linking both compositional characterization and microbial



community structure analyses. The research objectives for Chapter 3 are: to assess (1) if the
DOM composition of permafrost leachates varies across stratigraphic units, and how this
variation may tie to differences in biodegradation rates; and (2) whether microbial communities
from different sources within this disturbed landscape (e.g., unimpacted streams, relative to thaw

slump runoff) differ in their composition, or enable differences in biodegradation rates.

I hypothesize that (1) DOM composition will differ across strata, such that Holocene-
associated permafrost will release more biolabile DOM with higher biodegradation rates than
Pleistocene-associated sources, which will both exceed active layer leachates; and (2) the initial
structure of microbial communities will be different due to contrasting sources of the inoculum,
but that the structure will converge based on the DOM composition, and that biodegradation

rates will be similar regardless of inocula source.



CH. 2: DOM Composition Varies with Permafrost Type across the Western Canadian Arctic

2.1 Introduction

There has been increasing effort to characterize organic matter that may be released from
permafrost, since decomposition of the large stocks of carbon stored in permafrost soils may
perpetuate a permafrost carbon feedback (Hugelius et al. 2014; Schuur et al. 2015).
Decomposition of organic matter can occur via different mechanistic pathways, and upon
dissolution into the aqueous state as dissolved organic matter (DOM), it can undergo
mineralization by microbial organisms (biodegradation; Battin et al. 2008). DOM released from
permafrost has been shown to be highly susceptible to biodegradation, and is therefore generally
considered to be biolabile (Vonk et al. 2015; Drake et al. 2015; Ewing et al. 2015; Ward and
Cory 2016; Heslop et al. 2019). The susceptibility of DOM to biodegradation is strongly related
to its composition (Kalbitz et al. 2003), but characterizing the complex, heterogenous mixture
that comprises the bulk DOM pool requires highly-detailed techniques, such as Fourier transform
ion cyclotron resonance mass spectrometry (FT-ICR MS; Koch and Dittmar 2006; Dittmar et al.
2008).

There has been a surge in studies utilizing FT-ICR MS to characterize DOM composition
over the past decade, which has provided insight into DOM composition in peatlands (Hodgkins
et al. 2014), fluvial systems (Spencer et al. 2015), and lakes (Johnston et al. 2019) affected by
permafrost thaw. To assess DOM that is directly available to be leached from permafrost soils,
the water-extractable fraction of organic matter (WEOM) has been employed to assess the
composition and biolability of permafrost in Alaska (Ward and Cory 2015; Heslop et al. 2019;
Textor et al. 2019) and China (Wang et al. 2018). These studies have often concluded that DOM
derived from permafrost soils is comprised of highly saturated, aliphatic compounds (e.g., lipids,
proteins and carbohydrates), which tend to be more biolabile than less saturated (e.g., lignins and
tannins), or aromatic compounds (e.g., phenolics or combustion-derived black carbon; Hodgkins
et al. 2014; Spencer et al. 2014; Wang et al. 2018). Importantly, most studies to date that
examine DOM composition have compared permafrost-derived DOM extracts to those from the
active layer (e.g., Ward and Cory 2015; Wang et al. 2018; Textor et al. 2019), or have focused on

a single type of permafrost “end-member” (e.g., Yedoma deposit in Heslop et al. 2019), but have



not yet accounted for how variation in permafrost history of formation and modification may

influence DOM composition.

In this study, the term “end-member” refers to different permafrost material that formed
under varying environmental conditions, as a result of geologic context, climate, and ecosystem
history. Differentiating permafrost into end-member types enables consideration of differences in
formation and modification, which can vary substantially across regional (e.g., outside of vs
within past glacial limits), local (e.g., locations of organic matter accumulation), and sub-local
(i.e., within permafrost stratigraphies) scales. In addition to differing permafrost formation, such
as through syngenetic (deposits are immediately incorporated through upwards aggradation) or
epigenetic (downward aggradation of previously deposited material; French and Shur 2010)
formation, differences in thaw-driven modification can vary substantially. For example, glacial-
origin unconsolidated deposits (tills) that thaw can be reworked to form diamicton deposits;
formation of waterbodies create thermal disturbances, thawing underlying permafrost and
maintaining sediments in an unfrozen state to form a talik; following the drainage of thermokarst
lakes, permafrost can aggrade into exposed lake bottom sediments (lacustrine); these flat, poorly
drained environments also typically facilitated peat formation, which becomes preserved in a
frozen state through upward aggradation of the permafrost (Rampton 1988; Morris et al. 2018;
Burn and Kokelj 2009; Meyers and Lallier-Verges 1999). The diversity of formation and
modification highlights the need to consider how DOM derived from differing permafrost end-

members may vary in its composition.

To examine if spatial and stratigraphic variation may lead to differences in DOM
composition, we sampled diverse end-member types from a broad latitudinal and permafrost
gradient across the western Canadian Arctic. We obtained samples from sites with contrasting
geomorphic, climate, and ecosystem histories. A majority of sites are from previously glaciated
landscapes within the continuous permafrost zone that span the treeline transition in the Northwest
Territories (Burn and Kokelj 2009). This region has dynamic depositional environments, where
variation in Holocene climate and post-glacial terrain modification have produced a high degree
of landscape heterogeneity suggesting variable sensitivities to impacts from climate change
(Lantz, Gergel, and Kokelj 2010; Kokelj et al. 2017b). Additionally, a small portion of samples

were collected from the extensive-discontinuous permafrost zone in the unglaciated region of



central Yukon, which is characterized by substantial aggradation of loessal silts (Froese et al.

2009).

Here, we assess (1) how DOM composition may vary across end-members from
permafrost terrain that have contrasting geological origins and have been subject to varying
degree of thaw modification, and (2) how contemporary active layer samples from multiple terrain
types (peatland, riparian and hilltop) compares to those from permafrost end-members. We used
FTICR-MS to characterize DOM composition for the WEOM fraction leached from diverse
permafrost end-member types, including tills, diamicton, lacustrine, peat, and Yedoma deposits,

as well as from contemporary active layer samples from multiple landscape types.

2.2 Study Region Description

The broad study area spans ca. six degrees of latitude in the western Canadian Arctic, from
the northern Northwest Territories (NT) to the Klondike region in central Yukon. Sites in the NT are
in a glaciated terrain within the zone of continuous permafrost spanning the forest to tundra transition
zone (south to north; Kokelj et al. 2017a; Burn and Kokelj 2009). As a result, material in this
region is associated with glacial origins, while post-glacial modification by thaw and ecological
succession contribute to permafrost variability. This region is divided into two physiographic
subdivisions. The southern sites (BH1-6; Figure 2-1) are located in the Anderson Plains, which is
characterized by gently sloping topography with some basins and valleys, where imperfect drainage
can facilitate formation of peatlands (Rampton 1988; Vardy, Warner, and Aravena 1998). The
northern sites (BH7-10) are in the Tuktoyaktuk Coastlands, which is characterized by rolling
hummocky topography with intervening valleys (Rampton 1988) and abundant depressions where

lakes form (Burn and Kokelj 2009).

While the glacial legacy has strongly shaped the NT region, dynamic depositional
environments and variation in Holocene climate have enabled thaw-drive modification, creating
multiple permafrost end-member types that can be found throughout this region. The Laurentide Ice
Sheet glaciated this area during the late Wisconsinan (Murton 2009), which deposited abundant till
sediments derived from carbonate- and sulfide-rich shale bedrock (Norris 1973; Zolkos, Tank, and
Kokelj 2018). While deep tills have likely remained frozen since deposition, more shallow deposits
thawed during a warming period in the early Holocene, and were reworked as diamicton (we

distinguish diamicton from tills when it has undergone some degree of thaw or processing) before re-
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incorporation into permafrost during a subsequent cooling period (Burn 1997). Driven by the
transition from warmer to cooler temperatures in the Holocene, a similar pattern of thaw, processing,
and re-freezing affected other types of ecosystem soils and sediments. Warming enhanced plant
productivity and increased production of organic matter, and in areas with poor drainage, saturated
soils led to incomplete decomposition, allowing accumulation of peat that gradually aggraded into
permafrost in cooler temperatures (Morris et al. 2018). During warm or wet conditions, thaw lakes
commonly formed in depressions (Burn and Kokelj 2009) where lacustrine sediments, which
typically contain a mixture of terrigenous and autochthonous (within-lake) organic matter (Meyers
and Lallier-Verges 1999) accumulated in lake basins. Thermal disturbance of the lake would have
resulted in talik formation so the lacustrine sediments would have been completely thawed for a
significant amount of time. Drainage or drying of lake basins was followed by permafrost
aggradation, followed by gradual peat accumulation and concurrent upward aggradation of the
permafrost table. In addition to these permafrost end-member types, we also sampled contemporary
active layer soils from multiple landscapes (peatland, riparian and hilltop) to understand how
variation between divergent sources of surficial soils compares to that between our permafrost end-

members.

In contrast to site in the NT, the Klondike region is unglaciated terrain within the extensive-
discontinuous permafrost zone (Froese et al. 2009). Because it was too dry to support extensive
glaciation during the last glacial interval, loessal sediments and syngenetic permafrost aggraded
during the late Wisconsinan (Fraser and Burn 1997; Froese et al. 2009). In addition to aggrading
clastic sediments, a variety of ground ice bodies formed, creating ice-rich syngenetic permafrost,
locally known as ‘muck’ (terminology varies by country, and is also described as ‘ice complex’ or
‘Yedoma’ in the Russian literature; French and Pollard 1985; Schirrmeister et al. 2013). While this
region is characterized by substantial aggradation of loessal silts during the last glacial period,
variation in temperature through the Pleistocene caused marked shifts in vegetation, productivity, and
the rapidity of permafrost aggradation, and thus also the organic matter content of these Yedoma
soils (Mahony 2015). Yedoma from the Klondike region has been shown to range from relatively
organic-rich sediments (~5.2% carbon) associated with spruce and shrub macrofossils representative
of a warmer and wetter environment (ca. 50,000-36,000 calibrated years before present; cal ybp), to
organic-poor grey silts (~1.5% carbon) that are associated with graminoids and reduced shrub

vegetation, representative of a colder, drier period (ca. 27,000-13,150 cal ybp; Mahony 2015).
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Samples from the Klondike region thus provide the opportunity to compare Yedoma permafrost from
western Canada to that from other regions that have been previously characterized (e.g., Spencer et

al. 2015; Ewing et al. 2015).
2.3 Methods
2.3.1 Sample Collection

To better understand the importance of variation in geomorphic and ecological history, we
selected a series of distinct end-members that represent varying formation and modification
processes. Till, diamicton, peat, lacustrine, and active layer samples were each obtained from varying
depths within cores collected from the NT region, while Yedoma was collected from the Klondike
region. We collected bulk active layer soil and permafrost samples from clusters of hilltops,
riparian, and peatland sites across a latitudinal gradient through the forest-tundra transition zone
(Figure 2-1). Borehole samples below two meters (2—15 m depths; Table 2-1.) were collected in
February 2017 using a LECO corer or an auger with diamond teeth, as part of a larger
geotechnical program to characterize permafrost conditions along the Inuvik-Tuktoyaktuk
Highway (ITH; Ensom et al. 2020). Samples from above two meters (0.2—2 m depths; Table 2-
1.) were collected from the same sites in July 2018, using either a gas or electric drill with
diamond teeth. Samples from the Mint Gulch site in the Klondike region were collected
horizontally from a mining exposure using an electric drill with diamond teeth, from Yedoma
deposits approximately 6-7 m below the surface. In all cases, samples were transported from the
field to the laboratory in a frozen state, then were stored in a dark freezer (-20°C) until

processing.

2.3.2 Leaching and Processing Procedure

To remove contamination, the surface (~2 mm) of all samples were scraped clean using a
sterile razor blade. A tooth saw was then used to isolate the target end-member depth, and a
chisel and hammer were used to separate the subsample. Subsamples were kept frozen (-20°C) in
the dark until lyophilization (freeze-drying). Large rocks and debris were removed by hand
following lyophylization, then material was homogenized using a mortar grinder with a natural
agate mortar and pestle. Approximately 4 g of homogenized material was placed into pre-cleaned

(acid-washed, MilliQ rinsed, then combusted at 475°C for four hours) glass 50 mL centrifuge
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tubes. Sample tubes were sealed with PTFE-lined caps and stored overnight in a dark fridge

(4°C) until leaching.

To characterize the organic matter relevant for the soil-water interface, we chose to use
MilliQ water as the solvent to capture the WEOM fraction (following e.g., Ward and Cory 2015;
Drake et al. 2015; Wickland et al. 2018; Heslop et al. 2019). We added 40 mL of MilliQ (1:10
soil weight to water volume), shook the samples in the dark for two hours, centrifuged at 1200 g
for 10 minutes, then collected the supernatant using a glass pipette (Tfaily et al. 2017). The
WEOM was filtered through 0.45 um PES syringe filters, then the filtrate was collected into pre-
cleaned glass beakers and stored in a dark fridge (4°C) until sample analysis. We completed a
sequential extraction on the remaining sediment using methanol and chloroform, then used the
methanol fraction for further analysis since it is able to capture a different range of compounds
than the WEOM fraction (Tfaily et al. 2017). We briefly compare the relative abundance of
compound classes when using these different solvents (Figure A1-1), but focus on the WEOM

fraction for most of our analyses.

2.3.3 FT-ICR MS and Ancillary Chemical Analyses

Following common methodology, WEOM leachates were acidified with trace metal
grade hydrochloric acid to pH 2, then passed through 100 mg Bond Elut PPL cartridges (Agilent
Technologies; Dittmar et al. 2008). The solid-phase concentrated samples were eluted with 1 mL
methanol into pre-cleaned 2 mL glass amber vials, then were stored in a dark freezer (-20°C)
until they were injected into the FT ICR MS. We used a 9.4T Bruker Apex-QE mass
spectrometer (Bruker Daltonics) with an Apollo II electrospray ionization source in negative
mode. Samples were injected at a flow rate of 120 pL hr! to acquire 300 spectra scans. We
assigned formulae based on quality-inspected masses, following published protocol (Merder et
al. 2020). The formulae were used to calculate a corresponding oxygen to carbon ratio (O/C),
hydrogen to carbon ratio (H/C), and modified aromatic index (AI; Koch and Dittmar 2006). The
O/C, H/C and Al were then used to sort the compounds into five broad classes: ‘aliphatic’ (H/C
>=1.5), ‘low O unsaturated’ (H/C <1.5, O/C <=0.5, A1 <0.5), ‘high O unsaturated’ (H/C <l1.5,
0O/C >0.5, Al <0.5), ‘aromatic’ (0.5<=AI<0.67), ‘condensed aromatic’ (A[>=0.67; Hawkes et al.
2020; Figure A1-2). For each sample, compounds were expressed in relative abundance using

sum-normalized intensity.
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WEOM leachate subsamples were collected for analysis of soil organic matter (SOM)
concentration, dissolved organic carbon (DOC) concentration, DOM composition using
absorbance (i.e., the slope ratio; Helms et al. 2008), dissolved trace metals, and total dissolved

phosphorus (TDP). Analyses followed standard techniques as described in the supplement.

2.3.4 Statistical Analyses

All statistical analyses were completed using R version 3.6.3, including frequently used
packages ggplot2, dplyr, and tidyr. Linear regression was used to determine relationships
between SOM and leachate DOC, TDP, and S;. We used vegan to determine Bray-Curtis
Dissimilarity of FT-ICR MS compounds, visualized using non-metric multidimensional scaling
(NMDS). This was coupled with Spearman’s rank correlation to determine which compounds

were most strongly associated with the first NMDS axis (MDS1).
2.4 Results
2.4.1 Bulk Leachate Properties

Across all end-member samples, DOC and TDP were positively correlated to SOM
(p<0.001, R?>=0.506 and p=0.004, R?>=0.532, respectively), which generally declined with depth.
Comparing samples among end-member types, both DOC and TDP were relatively high for peat
and active layer samples, but relatively low for till, lacustrine, and Yedoma samples (Figure 2-2).
Conversely, S; (a DOM compositional metric that declines with increasing molecular weight)
was negatively correlated to SOM (p=0.002, R*=0.591) and increased with depth, suggesting a
transition from higher molecular weight compounds in active layer sources and peat samples
towards lower molecular weight compounds in other leachate types (Helms et al. 2008). While
trace metal concentrations showed no clear trends with depth, there were differences among end-
member types (see also Lacelle et al. 2019). Lacustrine leachates had markedly higher
concentrations of magnesium, calcium and strontium than all other end-members (Figure A1-3).
Sodium was higher in diamicton and Yedoma leachates, but slightly lower in till samples. Peat
leachates were distinguished by higher zinc and arsenic concentrations than all other end-

members.

2.4.2 FT-ICRMS Reveals Clear Differences among Permafrost End-member Types
While active layer leachates were clearly distinct in their DOM composition compared to

those from permafrost, we also found substantial differences in compound class proportions
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among permafrost end-member types (Figure 2-3). The proportion of compound classes broadly
indicates the relative abundance of compounds that are present in DOM, where aliphatic
compounds include lipids, proteins and carbohydrates, unsaturated compounds include lignins
and tannins, and aromatic compounds include phenolics and combustion-derived black carbon
(Hodgkins et al. 2014; Spencer et al. 2014; Wang et al. 2018). Active layer leachates had a
higher proportion of both aromatic and condensed aromatic compounds, and a lower proportion
of aliphatic compounds, compared to all permafrost end-members. Within the permafrost end-
members, the proportion of aliphatic compounds generally increased, while aromatics decreased,
moving from diamicton, to lacustrine, to Yedoma, to peat, to till leachates. Diamicton and till
leachates had relatively high proportions of low-oxygen unsaturated compounds, while till also
had relatively low proportions of high-oxygen unsaturated compounds. Notably, these trends
changed when using chloroform-methanol (instead of MilliQ) as the solvent (Figure A1-1). Here,
methanol fractions captured a higher proportion of aliphatics in all but till leachates, and slightly
reduced overall proportions of aromatic and condensed aromatic classes. Compared to WEOM
leachates, methanol extractions had fewer high-oxygen unsaturated compounds, but more low-

oxygen unsaturated compounds.

The NMDS reinforced the findings of the compound class assessment, and further
showed that active layer leachates were compositionally similar to each other regardless of
landscape type. Similarly, permafrost leachates showed little to no variation among landscapes
within end-member types, but demonstrated a clear demarcation among end-member types
(Figure 2-4a). Along MDS1, diamicton leachates were most compositionally similar to active
layer leachates, and were relatively similar to peat, lacustrine, and Yedoma leachates. Till
leachates were most dissimilar from other end-member types, and also display more
compositional variation within this end-member type. There was muted divergence along MDS2,
which separated single hilltop diamicton and till samples from all other leachates, showing a
marginal effect from landscape type. A van Krevelen plot of the correlation between individual
compounds and MDS1 demonstrates that leachates positively associated with MDSI1
(particularly tills) were predominantly associated with low-oxygen compounds, mostly in the
unsaturated and aromatic classes (Figure 2-4b). In contrast, leachates negatively associated with

MDSI (active layer) were predominantly associated with moderate-oxygen unsaturated and

15



aromatic classes. Leachates located more centrally along MDSI1 (peat, lacustrine, Yedoma,

diamicton) displayed a range of unique compounds across O/C, H/C, and compound classes.

Across all samples, FTICR-MS detected 6,450 compounds. Interestingly, the number of
compounds detected within end-member types ranged substantially, from 4155 + 48.7 (mean +
standard deviation; n=2) in lacustrine leachates to 1961 + 1310 (n=2) in diamicton leachates
(Table 2-1.). While ~31% of the compounds detected were present in all six end-member types,
~12% were found to be unique to one end-member type alone (Table 2-1.; Figure 2-5).
Compounds unique to active layer leachates covered a broad range of classes, but were mostly
high-oxygen aromatics and low-oxygen condensed aromatics (Figure 2-5a). Diamicton,
lacustrine, and peat leachates all had fewer unique compounds which spanned the oxygenation
gradient, but were primarily aliphatic, with some unsaturated and aromatic compounds (Figure 2-
5b). Till leachates had unique compounds that were predominantly low-oxygen and spanned a
range of saturation (H/C) from aromatic to aliphatic (Figure 2-5¢). Compounds unique to
Yedoma were in the low-to moderate-oxygen aliphatic class, with sparse compounds in

aromatics and high-oxygen aliphatic classes (Figure 2-5d).

2.5 Discussion

Active layer leachates showed strong compositional similarity across a ~100 km
latitudinal gradient, demonstrating little to no variation by landscape type (peatlands, riparian
zones, and hilltops). Similar to previous studies (Mann et al. 2014; Spencer et al. 2015; Ward and
Cory 2015; Wang et al. 2018; Heslop et al. 2019), active layer leachates had higher molecular
weight (low S;), more aromatic (low H/C) compounds, and were more oxygenated (high O/C)
than permafrost end-members. Although leachable DOC, TDP, molecular weight, and proportion
of aromatic compounds generally declined with depth, there was marked variation observed
among permafrost end-member types. This likely reflects differences in permafrost formation
processes, such that unmodified tills were substantially dissimilar from all other end-member
types. While Yedoma composition was relatively more similar to diamicton, peat, and lacustrine,
the presence of unique compounds among these end-members suggests that differences in thaw-

driven modification can lead to distinct permafrost-derived DOM composition.
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2.5.1 Permafrost End-members Display Unique DOM Compositions

While compounds unique to the active layer span oxygenation and saturation, compounds
unique to the permafrost end-members were predominantly low- and moderate-oxygenated
compounds, with sparse highly-oxygenated compounds in the aliphatic class. We observed an
increasing proportion of aliphatic compounds, coupled with decreasing aromatic compounds,
moving from diamicton, to lacustrine, to peat, to till leachates. Although some of these end-
members were collected from the same permafrost core (Table 2-1.), their formation and
modification processes have been substantially different. Tills represent bedrock-derived
sediment deposited by the Laurentide Ice Sheet (Murton 2009; Kokelj, Tunnicliffe, and Lacelle
2017), and since these were sampled at depths greater than 10 m, it is unlikely they have been
affected by modification associated with permafrost thaw (Burn 1997; Lacelle et al. 2019). Warmer
temperatures during the early Holocene enabled thaw of shallow till deposits, re-working this
material through various modification processes before re-incorporation into permafrost as
diamicton. Soils and sediments that remained unfrozen for centuries to millennia accumulated in lake
basins as lacustrine deposits, or in areas with increased plant productivity as peat deposits, which
then aggraded more gradually (Rampton 1988; Burn 1997; Morris et al. 2018). The diamicton,
lacustrine, and peat leachates demonstrate compositional similarity to each other, and are more
similar to active layer leachates than they are to tills. This indicates that thaw-driven modification
plays a key role in shaping DOM composition, and appears to enable compositions that are distinct

from both contemporary active layer soils and ancient, unmodified till deposits.

Although Yedoma appeared similar to lacustrine and peat leachates in MDS space, the
unique compounds from Yedoma leachates are well constrained to low oxygen, aliphatic species,
while compounds unique to lacustrine and peat have more variation in oxygenation and
saturation. The high proportion of aliphatic compounds in peat was surprising, because peat
porewaters have previously demonstrated low proportions of aliphatic compounds (Hodgkins et al.
2016). In contrast, abundant aliphatic compounds in Yedoma are congruent with studies of
Yedoma from other regions of the Arctic (Spencer et al. 2015; Stubbins et al. 2017; Drake et al.
2018). The organic matter content (SOM and DOC) in our Yedoma samples were comparable to our
lacustrine and till samples, and were similar to organic carbon content for Yedoma from the North
Slope of Alaska (radiocarbon dated to between 37,000-9,000 cal ybp; Gaglioti et al. 2018).

Interestingly, our DOC concentrations were orders of magnitude lower than those reported for
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Yedoma leachates from Alaska (Ewing et al. 2015; Drake et al. 2015; Heslop et al. 2019) and from
streams draining thaw features in Siberia (Vonk et al. 2013; Spencer et al. 2015). The differences in
DOC concentrations could result from regional variability, or may reflect differences in the age of the
material. The higher DOC reported in other studies has been associated with more ancient material
(~134,000-21,000 ybp), while our Klondike Yedoma samples are considerably younger
(radiocarbon dates from soil samples below and above the Yedoma samples range between ca.
16,060—13,280 cal ybp). The younger material is representative of a time with lower plant
productivity and reduced incorporation of organic matter due to a cooler, drier period that was

beginning to transition to a relatively warmer, wetter period in the late Pleistocene (Mahony 2015).

While some permafrost end-member types were more compositionally similar to one
another than others, the presence of unique compounds for all end-member types emphasizes the
heterogeneity in permafrost carbon biogeochemistry, and its relationship to mode of permafrost
formation and past thaw modification processes (see also Tank et al. 2020). Compositional
differences among end-member types were independent of latitude (across the ~six degree span
reported here). These clear compositional differences indicate varying susceptibility to
decomposition across permafrost types of differing origin, with subsequent implications for

organic carbon fate.

2.5.2 Linking DOM Composition with Biolability

Although we did not measure susceptibility to decomposition here, other studies have
established strong links between DOM composition and biodegradation, providing a basis to
assess how the differences that we quantify may affect biolability. The aliphatic class that we
demarcate here can be further distinguished by the degree of oxygenation, including lipids (low
0:C), proteins and peptides (moderate O:C; Hodgkins et al. 2014), as well as carbohydrates
(high O:C; Spencer et al. 2015). Because this class is highly saturated and energy-rich, it is
generally preferentially consumed and considered to be the most biolabile class of compounds
(Textor et al. 2019). The unsaturated class is associated with lignins (moderate O:C), and tannins
(high O:C), which are considered to be more recalcitrant (Hodgkins et al. 2014), although
highly-oxygenated unsaturated compounds can be somewhat biolabile under anoxic conditions
(Heslop et al. 2019). Aromatics are associated with phenolic compounds derived from vascular
plants, though may also represent microbial biomass, while the more condensed aromatics can

include combustion-derived black carbon (Spencer et al. 2014; Wang et al. 2018). Both of these
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aromatic classes are considered to be recalcitrant, where some compounds may actually inhibit

microbial activity (Ward and Cory 2015).

Based on the increased biolability of aliphatic compounds, the relative proportion of
compounds in this class can be used to predict potential susceptibility to biodegradation (Textor
et al. 2019). Relating this to the DOM composition in our samples, till leachates had the highest
proportion of aliphatic compounds overall, although the aliphatic class contributes only a small
portion of the compounds unique to this end-member. The abundant aliphatic compounds in tills
may be a consequence of more mineral-rich particles that facilitate strong adsorption of organic
matter (Ward and Cory 2015), potentially coupled with high desorption that allows this aliphatic
DOM to be leached with water (Kothawala, Moore, and Hendershot 2009). Lacustrine, peat, and
Yedoma contained fairly high proportions of both the aliphatic class and highly-oxygenated
unsaturated compounds, suggesting these may be more biolabile than active layer-derived DOM,
but less so than till-derived DOM. Interestingly, studies quantifying biodegradation rates for
some of these end-members display mixed results, where peat has demonstrated relatively low
biodegradation rates (Shirokova et al. 2019; Burd et al. 2020), Yedoma has demonstrated high
biodegradation rates (Vonk et al. 2013; Drake et al. 2015; Heslop et al. 2019), and lacustrine
biolability has yet to be studied.

2.6 Implications of Key Findings

The DOM compositional differences among end-members observed here appear to be
strongly influenced by permafrost history, and in particular how past thaw can modify organic
matter which later becomes incorporated into permafrost. These differences may also have
implications for biolability, and thus how the substantial DOM that is lost to aquatic flowpaths
following permafrost thaw (Plaza et al. 2019) impact the permafrost carbon feedback (Schuur et
al. 2015). Our findings serve as a reminder that the WEOM fraction most easily leached to
aquatic flow paths is representative of only a portion of the organic matter pool (Figure Al-1).
This may help to explain differences between soil-based measurements of permafrost biolability
(e.g., Kuhry et al. 2020) and those that focus on DOM, while also reinforcing the need for a more
thorough integration of organic matter characterization across terrestrial-aquatic continua (Vonk,
Tank, and Walvoord 2019). Most importantly, these results act as a call for other studies to
include geological/geomorphic context and permafrost history as an underpinning to understand

the fate of permafrost-origin DOM, and incorporate this variation into projections of future
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change. Constraining DOM composition, lability, and assessing its stratigraphic variability will
become more pressing as the spatial and stratigraphic extent of thaw increases with future

warming.
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Table 2-1. Coring sites and their associated landscape with various end-members, where listed
depths (m) denote mid-depth of the subsample. The compounds refer to those identified using
FT-ICR MS, where unique compounds are those that occur only in the specified end-member

type.

i Ll Lege Lnb g e TG Dame Yedoms
(m) (m)

Bl SO0 DU beatand 032 082 — — —
B2 SO0 DY mimep 032~ n2s _ —
Bz O DY Ripwian 032 0 — _ _
Brg O DIY beatand 37— 5386 — -
Bas 0 DY miep 1425 — _ _
BH6 23?9%5,,' 1:;;;3 ' Riparian — — — — 1.12 —
By OO0 VY Hiep 032 — 475 — _ _
BHS o0 o ' oag  Pealand 032 152 — 102 — _
Bro O 0 DOV Ripaian 032 — 925 — — —
BH10 61?8146,,' 132255,,6' Hilltop — - 9.5 —
KL 613;9546,,' 1;53 23 " Yedoma @ — - 60,70
Total compounds 2747 3573 2499 4155 1961 3449

Mean (SD) @84) (325 (1010) (487) (1310)  (183)

Unique compounds 136 14 151 11 3.5 38

Mean (SD) (14) 3 92 (2 3) (40)
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Figure 2-1. A map to show the location of permafrost core sites used for this study. For sites
BHI1-BH0Y, site clusters (e.g., BHI, 2, and 3) typically include one hilltop, riparian, and
polygonal peatland site. Site KL reflects unglaciated loess (Yedoma) from the Klondike region
of the Yukon. End-member types reflect ancient bedrock-derived glacial deposits (tills), re-
worked mixed material (diamicton), partially decomposed material (peat), and thermokarst lake
basin material (lacustrine), collected from depths described in Table 2-1. The ice margin limit
denotes the previous expanse of the Laurentide Ice Sheet, which covered most sites except for
KL.
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Figure 2-2. Soil and DOM characteristics along subsample depth showing a) soil organic matter
content; b) dissolved organic carbon concentration; c) total dissolved phosphorus concentration;

and d) absorbance slope ratio, a metric of DOM composition which increases with decreasing

molecular weight. Sample sizes are n=19 for both a and b; n=12 for both c and d due to some
missing Yedoma, till and diamicton samples.
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Figure 2-3. Boxplots to illustrate the proportional abundance (normalized to total intensity) of
compounds identified by FTICR-MS, sorted into broad class groups. Boxes show median, 25th,
and 75th percentiles, whiskers span 1.5 times the interquartile range, and points are outliers.
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Figure 2-4. Leachate DOM composition displayed as a) non-metric multidimensional scaling
(k=2, stress=0.102) showing Bray-Curtis dissimilarity of the relative abundance of compounds
(normalized to total intensity) detected by FTICR-MS. Sites that are further apart are less

compositionally similar. Panel b) shows a van Krevelen plot showing the oxygen:carbon (O/C)

and hydrogen:carbon (H/C) ratio of the compounds detected by FTICR-MS, where rho is the
correlation between individual compounds and MDSI1 (pink points are associated with more

negative MDS1 values, while blue points are associated with more positive MDS1 values).
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Figure 2-5. Van Krevelen plots showing the oxygen:carbon (O/C) and hydrogen:carbon (H/C)
ratio for the compounds detected by FTICR-MS (n=6,450). Unique compounds (n=759) are
those found to only exist in one end-member type, which are denoted using the same colour

scheme as in Figure 2-2. Conversely, compounds that were present in all end-member types are
shown in light blue (n=2,020), while compounds that were present in more than one, but not all
end-member types, are shown in light grey (n=3,671).
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CH. 3: Varying DOM Composition and Biolability Throughout Thermokarst-affected Permafrost
Stratigraphy

3.1 Introduction

Northern permafrost soils store a vast amount of carbon (Hugelius et al. 2014), but
warming temperatures are enhancing permafrost thaw (Schuur and Abbott 2011). Following
permafrost thaw, carbon within organic matter can become available to contemporary
biogeochemical cycling, because after dissolution into the aqueous state as dissolved organic
matter (DOM), it can be decomposed by microbes (biodegradation; Battin et al. 2008). This
process can occur along the soil-aquatic continuum in situ, as DOM is transported along
hydrologic flow paths, and within surface waters (Graham et al. 2012; Abbott et al. 2016; Vonk,
Tank, and Walvoord 2019). Biodegradation mineralizes DOM to carbon dioxide and methane,
enabling a feedback to climate change known as the permafrost carbon feedback (Schuur et al.
2015). Importantly, not all DOM is equally susceptible to biodegradation, due to differences in
the composition of the substrate (Abbott et al. 2014; Tanski et al. 2017; Schidel et al. 2014) and
activity of the microbial community (Graham et al. 2012; Judd, Crump, and Kling 2006).
Therefore, the extent to which permafrost regions will be affected by climate change—and also
contribute to it—partly depends on the biodegradation rate of DOM released following

permafrost thaw.

The large and vulnerable stores of permafrost carbon (Schuur and Abbott 2011; Hugelius
et al. 2014) have prompted recent investigations to quantify biodegradability of DOM derived
from permafrost. Numerous studies in Siberia and Alaska have found that Yedoma (syngenetic
aeolian-origin permafrost) deposits release DOM dominated by simple molecules that undergo
rapid biodegradation (Ewing et al. 2015; Drake et al. 2015; Spencer et al. 2015; Heslop et al.
2019), creating an emerging consensus that permafrost-derived DOM is highly bioavailable (but
see, for example, Wickland et al. 2018). However, given that DOM composition is strongly
influenced by the surrounding environment from which it is derived (Knoblauch et al. 2013), the
provenance of permafrost likely affects DOM composition and biolability. Therefore, DOM
derived from different terrain types or along depths within a variable stratigraphy may be
variable in its composition and biolability. Within the western Canadian Arctic, past work on the
Peel Plateau, NT, has found that biodegradation rates for rill-water draining from thermokarst

features were elevated compared to unimpacted stream sites, but were generally lower than rates
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from Yedoma regions (Littlefair and Tank 2018). Differences in biodegradation rates between
thermokarst features were postulated to reflect the relative proportion of distinct stratigraphic
materials being thawed, prompting our investigation to test whether biolability differs across

variable permafrost stratigraphies (Burn 1997; Lacelle et al. 2019).

The Peel Plateau, NT, was previously glaciated and consists of ice-rich tills and
glaciofluvial materials deposited at the margins of the Laurentide Ice Sheet (Kokelj, Tunnicliffe,
and Lacelle 2017). This area is characterized by a high density of retrogressive thaw slumps—a
dramatic form of thermokarst—which grow as exposures of ice-rich permafrost (up to tens of
meters in thickness) thaw along slopes (Lacelle et al. 2015; Kokelj, Tunnicliffe, and Lacelle
2017). Thaw slumps can mobilize thick stratigraphic sequences including the contemporary
active layer, a relict active layer that thawed during the early Holocene and then re-froze with
subsequent cooling conditions, and underlying Pleistocene-origin glacial tills that have been
unaffected by past thaw (Burn 1997; Kokelj et al. 2017b). These units have demonstrated
variation in their biogeochemical characteristics (Lacelle et al. 2019), pointing to potential

differences in DOM composition, and thus, biolability.

Microbial communities also play an important role in DOM biodegradation (Graham et
al. 2012), but areas with extensive permafrost thaw, such as the Peel Plateau, can create rapidly-
changing environments that may impact the structure of local microbial communities. Permafrost
thaw can directly affect the structure of microbial communities, enabling rapid shifts from a
frozen to thawed state (Mackelprang et al. 2011). Additionally, permafrost thaw may not only
increase the amount of organic matter that becomes available to microbial communities (Schuur
and Abbott 2011), but may also lead to changes in the composition of DOM released, indirectly
affecting microbial communities because DOM composition can strongly shape microbial
community structure (Ward et al. 2017). For example, thaw slumps have been shown to alter
DOM release into impacted streams (Littlefair, Tank, and Kokelj 2017), but it is not well known
how microbial community structure may be affected by exposure to material released from these
thaw slumps, or whether changes in the microbial community structure may also affect DOM

biodegradation.

While Quaternary legacies and varying climate conditions have created distinct

permafrost stratigraphy on the Peel Plateau, the landscape continues to evolve at a rapid pace
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(Lacelle et al. 2015; Segal, Lantz, and Kokelj 2016; Kokelj, Tunnicliffe, and Lacelle 2017; Van
der Sluijs et al. 2018). As increasing permafrost thaw continues to expose distinct stratigraphic
units, organic matter will become susceptible to leaching; but little is known about how DOM
leached from different stratigraphic units might vary in its composition and biolability, or how
microbial communities differ across the land-to-water continuum in thaw-affected areas. This
prompted us to investigate (1) if the composition of permafrost leachates varies across
stratigraphic units on the Peel Plateau, and how this variation may be linked to differences in
biodegradation rates, and (2) whether microbial communities from different sources within this
disturbed landscape (e.g.,, unimpacted streams, relative to thaw slump runoft) differ in their

composition, or enable differences in biodegradation.
3.2 Methods

3.2.1 Study Area

Our study was conducted on the Peel Plateau, a fluvially-incised moraine landscape
situated between the Richardson Mountains (to the southeast) and the Mackenzie Delta (to the
northwest). This area has been strongly shaped by its glacial legacy, falling within the western
margin of the Laurentide Ice Sheet that covered the area until approximately 18,500 years before
present (ybp; Kokelj, Tunnicliffe, and Lacelle 2017). Ice-rich tills were deposited with the
advance and retreat of the Laurentide Ice Sheet, along with a patchy distribution of glaciofluvial
and glaciolacustrine sediments (Kokelj, Tunnicliffe, and Lacelle 2017; Kokel;j et al. 2017b).
Although permafrost is continuous throughout these deposits, a thaw unconformity demarcates a
relict active layer that formed during a warm interval in the early Holocene (Burn 1997). This
warming locally increased thermokarst activity, where active layer deepening facilitated soil
development, which then stabilized as permafrost aggraded with subsequent cooling during the
middle and late Holocene (Burn 1997; Kokelj et al. 2017b; Lacelle et al. 2019). The
contemporary active layer thaws seasonally during the summer (Kane, Hinzman, and Zarling
1991), and is geochemically distinct from both the relict active layer and the deeper, unaffected

till deposits (Lacelle et al. 2019).

The Peel Plateau has abundant valleys and streams that incise the landscape, where recent
warming has accelerated ongoing thermokarst activity (Kokelj et al. 2017b). Thermokarst can

manifest as multiple geomorphic formations, but retrogressive thaw slumps are the most
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prevalent form on the Peel Plateau, often developing on ice-rich slopes (Lacelle et al. 2015;
Kokelj, Tunnicliffe, and Lacelle 2017). Following thaw of massive ice, the ground subsides and
mobilizes large quantities of material into recipient streams, increasing solute and sediment
concentrations by multiple orders of magnitude (Malone et al. 2013; Kokelj and Jorgenson 2013;
Lacelle et al. 2019). The headwalls of these thaw slumps expose the underlying permafrost
stratigraphy, providing the opportunity to study the composition and biolability of DOM derived

from these distinct stratigraphic units.

3.2.2 Sample Collection

To investigate the biodegradability of organic matter from thaw slump headwalls, we
collected samples from slumps HB, HD, and FM3 (Figure 3-1). All slumps were active at the
time of sampling in summer 2018, and occur along an east-west gradient that spans recessional
positions of the Laurentide Ice Sheet (Kokelj, Tunnicliffe, and Lacelle 2017). The western HB
lies closer to the maximum limit of ice extent (~18,000 cal ybp), while HD and FM3 are more
closely situated with a relatively more recent recessional position of the retreating ice sheet
(~16,000-14,000 cal ybp; Kokelj, Tunnicliffe, and Lacelle 2017; Dalton et al. 2020 and
references within). FM3 is considered a ‘mega-slump’ with a large headwall (~6—12 m) and
well-developed debris tongue (Malone et al. 2013; Kokelj et al. 2013), while HD and HB have
slightly shallower headwalls (~6—10 m) and less extensive debris tongues (Littlefair, Tank, and
Kokelj 2017). Thaw slump headwall heights reflect the relative proportion of contemporary
active layer soils versus ice-rich, Pleistocene tills versus Holocene-derived relict active layer,
where larger headwalls can decrease downstream dissolved organic carbon (DOC)
concentrations (Littlefair, Tank, and Kokelj 2017) and facilitate sulfuric acid-driven carbonate

weathering (Zolkos, Tank, and Kokelj 2018).

To include the three stratigraphic units representative of this area, we collected material
from the contemporary active layer (all three sites), the early-Holocene relict active layer (HD
and FM3), and the undisturbed Pleistocene layer (all three sites). At each site, a chisel was used
to collect approximately 4 kg of soil or permafrost into sterile whirlpak bags, which were
transported chilled to a field lab in Inuvik, NT, and stored in a dark freezer (-20°C) overnight.
We also collected water samples from adjacent streams at each slump site to provide
representative inocula for the biodegradation experiment. These samples were collected from an

unimpacted (upstream) site, as well as from the slump-impacted rillwater draining from the
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slump headwall. Water samples were collected in pre-cleaned (soaked overnight in 10% HCI,
then rinsed seven times with MilliQ water) 1 L HDPE bottles, and kept cool during transport
from the field to the laboratory. Stream water samples were immediately filtered through pre-
combusted glass fibre filters (475°C for 4 hours; 0.7 pm nominal pore size; Whatman GF/F)
upon return to the lab, and the filtrate was stored chilled (4°C) and in the dark until experimental
processing, which was completed within 2 days (Vonk et al. 2015; Littlefair, Tank, and Kokelj
2017).

3.2.3 Leachate Preparation

To leach the soil and permafrost samples, collected material was transferred into pre-
cleaned 4 L HDPE containers, to which MilliQ water was added at a 1:1 (soil weight to water
volume) ratio (Carter 1993). Samples were vigorously shaken and allowed to thaw in the dark at
4°C for 24 hours. The resulting leachate was decanted using a peristaltic pump to separate the
liquid from the residual soil slurry. Turbid leachates were centrifuged (Primo R, Thermo
Scientific Hereaus) at 8000 rpm for 2 to 5 minutes at 4°C, then filtered through pre-combusted
glass fibre filters (Whatman GF/F) before homogenization in a pre-cleaned 4 L HDPE container.
The soil/permafrost material weight to extractant volume ranged from 0.5 to 1.4, which is well
above the recommended lower limit of 0.25 for representative DOC (i.e., the carbon fraction of
DOM) in soil extractions (Jones and Willett 2006). Prior to inoculating and incubating this
leachate (see below), the absorbance was measured at 254 nm to ensure that leachate DOC
concentrations (based on known concentration-absorbance relationships; Weishaar et al. 2003)
were not so high that anoxia might be a concern (since substantial DOC concentrations could
lead to rapid degradation) within the intended 28-day incubation period. To normalize
absorbance, active layer samples from FM3 and HD, as well as Pleistocene samples from HD,
were further diluted to an absorbance of 1.0 using 18.3 MQ MilliQ water. The pre-filter system
for the input MilliQ water feed (town of Inuvik water supply) malfunctioned during sample
dilutions for FM3 active layer, necessitating the use of 13 MQ MilliQ water instead of 18.3 MQ
MilliQ water, which may have contributed organic contamination (elevated TDP and TOC) in
the sample. Based on this consideration, we have included this sample in our presentation of

oxygen depletion over time (see below) but removed it from all other analyses.
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3.2.4 Experimental Procedure

Filtered leachates were distributed into three pre-cleaned 2 L HDPE bottles. These bottles
received a 10% v/v addition of either: upstream inoculum (U), within-slump inoculum (W), or
additional leachate to enable a native inocula (N). An inoculated and killed (K) treatment was
completed for a subset of sites; these received upstream inoculum, but then were killed using a
0.1% v/v addition of concentrated trace metal grade hydrochloric acid (Vonk et al. 2015). All
four treatments (U, W, N, K) were applied to leachates from the active layer (A), Holocene (H),
and Pleistocene (P) from FM3, as well as the active layer and Pleistocene from HD. Due to
limited leachate volume, only upstream and within inoculum treatments (no native) were added
to Holocene leachates from HD. Throughout, samples are referred to using abbreviations that
reference site (HB, HD, and FM3), stratigraphic layer (A, H, P) and, where appropriate,

inoculum type (U, W, N, or K). Full collection and incubation details are provided in Table 3-1.

Inoculated leachates were aerated with compressed air for 10 minutes to enable a similar
oxygen status at the onset of the incubation, then 120 mL aliquots were poured into triplicate
glass bottles pre-fitted with an oxygen SPOT sensor on the interior wall (PreSens, Germany).
Oxygen concentrations were used to track bacterial respiration and were coupled with initial and
final carbon concentrations to quantify biodegradation (Berggren, Lapierre, and del Giorgio
2012). In addition to the K samples described above, triplicate 18.3 MQ MilliQ bottles were
established as negative controls for our microbial work (see below). All bottles were filled
without headspace, capped with chlorobutyl isopropene stoppers (Niemann et al. 2015), and
sealed with an aluminum crimp top. Experiment bottles were stored in a dark incubator at room

temperature for 28 days (Vonk et al. 2015).

3.2.5 Leachate Chemistry

Prior to filling bottles, but after adding inocula, filtered leachates were subsampled for
initial (time=0): DOC concentration, DOM absorbance and fluorescence, total dissolved nitrogen
(TDN), nitrate and nitrite, total dissolved phosphorus (TDP), and particulate organic carbon
(POC). Oxygen concentrations were measured immediately following experimental setup, and
every 1-3 days thereafter to ensure oxic conditions persisted throughout the experiment. Final
oxygen measurements were taken immediately before terminating the experiment (time=28

days), at which time all experimental bottles were shaken, opened and subsampled for: DOC
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concentration, DOM absorbance and fluorescence, trace metals, nitrate and nitrite. Final samples
were re-filtered to remove any biomass or flocculation prior to sub-sampling. Despite filtering,
some particles (<0.7 um) were visible in the experimental subsample bottles. This filtrate was

measured for its POC content as described below.

Subsamples for DOC concentration were collected into borosilicate vials, immediately
preserved with 0.1% v/v HCL, and stored at 4°C in the dark (Vonk et al. 2015). DOC subsamples
were analyzed on a TOC-5000A (Shimadzu), using the mean concentration of three to five
injections (to satisfy coefficient of variance <2%) from each sample vial. The settled particles
from the acidified DOC bottles were used to determine POC concentrations following filtration
through pre-combusted (180°C for 30 minutes) silver filters (0.1 um pore size; Sterlitech). Filters
were immediately placed into pre-combusted (500°C for five hours) glass petri dishes, dried at
60°C overnight, and packed into tin capsules for analysis of POC concentration at the UC Davis
Stable Isotope Facility (Micro Cube elemental analyzer; Elementar Analysensysteme GmbH).
Blank filters were also processed to ensure that they were carbon free. The initial POC and DOC
concentrations were summed to determine the initial total organic carbon (TOC) concentration.
Absorbance and fluorescence samples were collected into amber glass bottles and stored at 4°C
until analysis using a spectrofluorometer (Aqualog, Horiba Scientific) within 7 days of
collection. Absorbance was measured using a 1-cm quartz cell at 1-nm increments between 250
and 800 nm. Absorbance slopes were calculated for 275-295 nm (S275-295) and 350-400 (S350-400)
nm, then we used the ratio of these slopes (S275-205/S350-400) to determine slope ratio (Sr; Helms et
al. 2008). Fluorescence excitation ranged from 240-450 nm, at 5 nm intervals, while emission
was measured between 300 and 600 nm at 2 nm intervals. Fluorescence data were processed
using the R package eemR. To correct raw EEMs, we removed the blank, corrected for inner
filter effects, and normalized to raman units. We calculated the Fluorescence Index (FI),
Biological Index (BIX), and Humification Index (HIX), as well as peaks A, B, C, M, and T
(Table A2-1). Peaks are expressed as the proportion contributing to the total fluorescence signal

(sum of all peaks).

Nutrients and trace metals analyses were submitted to the Canadian Association for
Laboratory Accreditation (CALA) ISO/IEC 17025-accredited Biogeochemical Analytical
Services Lab (BASL) at the University of Alberta. Subsamples for TDN and TDP were collected
into 50 mL polypropylene centrifuge tubes, and stored in the dark at 4°C. Samples for nitrate and
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nitrite were collected into 15 mL polypropylene centrifuge tubes, acidified with HNO3 to pH<2,
and stored in the dark at -20°C. TDN, TDP, nitrate and nitrite subsamples were analyzed using a
QuickChem QC8500 FIA Automated Ion Analyzer (Lachat Instruments). Subsamples for trace
metals (Al, Ca, Fe, K, Mg, Na, Ag, As, Ba, Be, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, Sr, TI,
V, Zn) were collected into 15 mL polypropylene centrifuge tubes, acidified with HNO3 to pH<2,
and stored in the dark at 4°C until analysis using a Thermo ICAP-6300 Inductively Coupled

Argon Plasma - Optical Emission Spectrometer (Thermo Fisher Scientific).

In addition to these experimental samples, separate headwall samples were collected from
Holocene and Pleistocene permafrost from site FM3 for §'30 analysis to aid in identifying
approximate origin of the material. The FM3 headwall sample bags were gently inverted to
homogenize the material, and water was collected using a 60 mL syringe. The syringes were
inverted to allow particles to settle, then the supernatant water was filtered through a syringe
filter (0.45 pm pore size) into a 2 mL glass vial. Vials were tightly sealed to ensure there was no
headspace or exposure to modern sources of water, and analyzed using a Water (H20) Isotopes

Analyzer L2130-i (Picarro) at BASL.

3.2.6 Microbial Community Composition

All equipment (e.g., filter towers, forceps, gloves, etc.) used for microbial subsampling
was new (sterile) or was sterilized with 70% ethanol and rinsed seven times with deionized
water. Subsamples for microbial community composition were collected at the onset and
termination of the experiment by filtering leachate through pre-autoclaved (121°C for 1 hour)
PES filters (0.2 um pore size; Millipore Sigma). Filters were placed into 15 mL cryotubes,
preserved with 1 mL RNALater, and were stored in the dark at -20°C until DNA extraction.

To extract DNA from filtered samples we used the DNA PowerSoil Pro Kit (Qiagen),
with some modifications that had previously proven to increase extraction efficiency from
permafrost samples (Saidi-Mehrabad et al. 2020). Briefly, we cut each sample filter in half using
a sterile razor blade and processed each half separately for all extraction steps, then combined the
two extractions into one final elution tube. We added an incubation time of five minutes
following the addition of CD2, and an incubation time of ten minutes following the addition of
CD3. We increased the centrifuge time to five minutes prior to adding CD6 (reduced volume to

20 ul), and immediately after its addition. DNA concentrations were measured using a Qubit
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fluorometer (Invitrogen) with the high sensitivity DNA assay kit. Although DNA extraction was
attempted for all initial leachate samples, only HB-A leachates produced DNA concentrations
high enough for sequencing. Based on this limitation, the only final samples extracted were for
the ones that paired with the initial HB-A samples, which include all three inocula sources (N, U,

W).

To quantify changes in microbial community composition, we undertook amplicon
sequencing (Illumina MiSeq) of the V4 region of the 16S rRNA gene, using primers 515F (5’'-
GTGYCAGCMGCCGCGGTAA-3") and 806R (5'-GGACTACNVGGGTWTCTAAT-3").
Sequencing was conducted by Microbiome Insights (Vancouver, BC). Sequences were processed
using the USEARCH (version 10.0.240) pipeline to merge the reads, and the MOTHUR (version
1.35.0) pipeline normalized merged reads to the lowest read count, where 96.6% of reads passed
filtering (2> Qscore <20). The UPARSE greedy algorithm was used for operational taxonomic
unit (OTU) picking, and also to remove chimeras and singletons. The OTUs were clustered at
97% similarity, and assigned taxonomy using the RDP classifier with the SILVA SEED database
(version 132). Positive controls consisted of a known mixture of bacteria which were correctly
identified. Negative controls were collected from both initial and final triplicate MilliQ
incubation bottles, which were used to identify any contaminants via the R package Decontam
(Davis et al. 2018). The OTU table was rarefied to 21,000 reads using random subsampling,
where 4 OTUs were identified as contaminants and were removed, resulting in 1894 OTUs used

for subsequent analyses.

3.2.7 Statistical Analyses

All statistical analyses were completed using R version 3.6.3, primarily using ggplot2 to
create figures. For all figures and text, error bars and confidence bounds represent standard error
of the mean, unless otherwise stated. We used Spearman’s Rank to assess correlations between
various leachate chemistry parameters using corrplot. We used regression analysis to examine
relationships between biogeochemical parameters (optical metrics, nutrients, and metal
concentrations) and oxygen loss. Nutrient parameters were included as C:N and C:P, which were
calculated as DOC:TDN and DOC:TDP. Because we wanted to include a wide range of
variables, we chose to use least absolute shrinkage and selection operator (LASSO), which
reduces coefficients to zero to provide an interpretable subset selection (Tibshirani 1996). Using

glmnet, we applied a 10-fold cross validation to select the lambda that minimizes error. Input
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variables were log-transformed to achieve normality, as assessed using the Shapiro-Wilk test,
then were standardized (mean=0 and standard deviation=1) in order to directly compare the
relative importance of each variable. To compare DOM composition among samples, we ran a
principle components analysis (PCA) using vegan for parameters related to DOM (e.g.,
absorbance slope ratio, fluorescence indices and peaks). To compare the microbial community
composition among treatments and across time, we used non-metric multidimensional scaling
(NMDS) to visualize Bray-Curtis dissimilarity of the rarefied, decontaminated OTU table.
Simper analysis identified the contribution of each class (sum of OTUs within a given class), and
we tested the fit (0=0.05) of top class contributors (>1%) and DOM composition as vectors on
the NMDS (based on 9999 permutations). We calculated various metrics including richness,
Shannon’s diversity, Inverse Simpson’s diversity, and Simpson’s evenness, and assessed
differences in diversity among groups (0=0.05) using two-way ANOVA with fixed factors: time
(T=0 and T=28) and inocula treatment (N, W, U), and if significant, used Tukey’s HSD for

pairwise comparisons.
3.3 Results
3.3.1 Leachate Chemistry

Leachate chemistry showed variation not only among active layer, Holocene and
Pleistocene samples, but also among sites. TOC generally declined with depth (i.e., moving from
active layer to Holocene to Pleistocene), except for HD samples which were similar for all layers
(Figure 3-2). Nutrients (TDN and TDP) also declined with depth, where TDP showed a positive
correlation with TOC (Figure A2-1). In contrast, pH was negatively correlated to TOC, with
active layer leachates more acidic than their permafrost counterparts (Figure 3-2). This trend was
coupled with moderate correlations between pH and various metals (Figure A2-1), where some
metal concentrations (e.g., Al, Fe, Ba, Co, Cr, Cu, Ni, and Zn) tended to be higher in active layer
leachates, while others (e.g., Ca, K, Mg, Na, Sr) tended to be higher in permafrost leachates.
Stable water isotopes were more §'30-enriched for Pleistocene samples (3'%0=-27.0 to -27.02
%o) than Holocene samples (8'30=-23.87 to -23.91 %o), and were consistent with previously
reported values in this region, confirming that the Pleistocene samples represent unthawed

ground ice from the late Pleistocene, while Holocene samples represent the relict active layer

(Michel 2011; Lacelle et al. 2013; Lacelle et al. 2019).
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3.3.2 Oxygen Loss and its Key Drivers

On average, oxygen concentrations declined ~23.7% over the course of the 28-day
incubations (Figure 3-3a). In contrast, both MilliQ and HCl-killed control treatments showed
minimal O loss (Figure A2-2). Absolute declines in oxygen were generally similar across
inocula treatments, but varied among layers and sites (Figure 3-3a). The highest oxygen losses
were in HD-H samples, while the lowest oxygen losses were in active layer leachates from FM3

and HD.

To assess oxygen loss relative to the TOC pool, we normalized oxygen loss to initial
TOC concentration. Similar to results for absolute oxygen loss, there were clear differences in
normalized oxygen consumption between layers and sites (Figure 3-3b). Within HD and FM3,
normalized oxygen loss was highest for Holocene leachates (mean + SE; 47.1 + 6.64%) and
lowest for active layer leachates (8.56 = 3.42%). Though Holocene samples were not collected
from HB, Pleistocene leachates from this site showed the greatest overall normalized oxygen loss
(58.5 + 8.63%). Across treatments, normalized oxygen loss was fairly similar, though was

slightly higher in upstream-and within slump-innoculated treatments, relative to native inocula.

LASSO regression produced a model with eleven variables correlated to oxygen loss, and
this model effectively predicted the measured oxygen loss values (R*=98.8; Figure A2-3). Key
predictors of O> loss included metrics related to DOM composition (Peak C, BIX), nutrients
(C:N, C:P), metal concentrations (Mg, K, Ba), and pH (Table 3-2). Normalized oxygen loss was
greatest in samples where DOM composition was less humic-like (low %Peak C), had higher

nutrient concentrations (low C:N and C:P), higher Mg concentrations, and higher pH.

3.3.3 DOM Compositional Changes

A PCA to assess differences in DOM composition across all initial and final incubation
samples showed high variability along the two axes (Figure 3-4). PCA axis 1 (PC1), which
accounted for 71% of the variation explained in DOM composition, separated samples with a
high degree of humification (positive HIX; Ohno 2002) and high relative proportion of humic-
like components (proportion of peaks A, C, and M) from those with a high relative proportion of
protein-like components (peaks B and T; Coble 1996; Figure 4). Along this gradient, FM3-P and
HD-H leachates were more humic-like, while HD-P, FM3-H, HD-A and HB-A were somewhat
neutral, and HB-P were more protein-like. PCA axis 2 (PC2), which explained 15% of the
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variance in our dataset, was positively related to samples with DOM characteristic of microbial
sources (greater BIX and FI; McKnight et al. 2001; Huguet et al. 2009), and with lower
molecular weight (greater Sr; Helms et al. 2008). Along PC2, most active layer samples were
closely associated with terrestrial-derived components (lower FI and BIX), except for HB-A,
which had a negative association. Within sites, final samples tended to shift towards more

humic-like relative to initial samples.

The relative change in individual metrics of DOM composition over the 28-day
incubation demonstrate a clear shift away from microbial-like DOM (decreasing BIX), but
preservation of humified components (increasing HIX; Figure 3-5) across all incubated samples.
Declines in BIX were coupled with decreases in protein-like components (peaks B and T), while
increases in HIX were accompanied by higher molecular weight (lower S;) and an increase in the
relative proportion of humic-like components (peaks A, M, and C). Increasing humification was
inversely related to depth, where the percent change in HIX was amplified in active layer
leachates and more modest in Pleistocene leachates, except for a greater loss of protein-like

components in Holocene leachates.

3.3.4 Microbial Community Composition and Diversity

Although microbial community composition was only assessed in initial and final
samples from HB-A, we use differences in the N, W, and U innocula treatments to consider how
inocula source affected variation in microbial community composition over time. Simper
analysis identified that classes Verrucomicrobiae, Gammaproteobacteria, Bacteroidia,
Saccharimonadia, Actinobacteria, Parcubacteria, Planctomycetacia, and Deltaproteobacteria
contributed >1% to dissimilarity, and were fit as significant vectors (p<0.05) for the NMDS.
There was no statistical significance (p>0.05) for using vectors based on DOM composition (Sr,
BIX, FI, HIX and proportion of fluorescent peaks) for the NMDS. Contrary to our expectations,
the microbial community composition from initial samples was very similar across all three
treatments (Figure 3-6a). Initial samples were positively associated with Gammaproteobacteria,
Parcubacteria, and Saccharimonadia, whose proportions declined in most final samples (Figure

3-6b).

The microbial community compositional response over time was quite variable by

treatment and by NMDS axes. Final samples from U-inoculated treatments were dissimilar from
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initial samples and other treatments across both the primary axis (MDS1), associated with greater
increases in Planctomycetacia and decreases in Actinobacteria relative to other treatment groups,
and the secondary axis (MDS2), associated with greater increases in Verrucomicrobiae and
decreases in Gammaproteobacteria relative to other treatment groups. In contrast, final samples
from N- and W-inoculated treatments were similar to initial samples along MDS1, but showed
divergence along MDS2, where W-inoculated treatments, associated with an increase in

Deltaproteobacteria, were also dissimilar from N-inoculated treatments.

Diversity metrics identified a significant decline in number of taxa (two-way ANOVA:
p<0.001 for richness) and an increased evenness across taxonomic groups (two-way ANOVA:
p<0.001 for evenness) over the course of the 28-day experiment (Figure A2-4). Pairwise
comparisons found significantly higher richness (Post-hoc Tukey’s HSD: p=0.01) and lower
evenness (Post-hoc Tukey’s HSD: p=0.03) in N-inoculated treatments relative to W-inoculated
treatments, while U-inoculated treatments had significantly higher Shannon diversity compared

to W-inoculated treatments (Post-hoc Tukey’s HSD: p=0.02).

3.4 Discussion

Multiple studies to date indicate that DOC released from permafrost is highly biolabile
(Vonk et al. 2013; Mann et al. 2014; Drake et al. 2015; Ewing et al. 2015; Spencer et al. 2015;
Heslop et al. 2019; but see Wickland et al. 2019). However, studies that leach DOM directly
from permafrost have been limited to areas with geomorphic characteristics that differ from that
on the Peel Plateau, and tend to either focus on deep, Pleistocene Yedoma (Ewing et al. 2015;
Drake et al. 2015; Heslop et al. 2019) or relatively shallow permafrost (Ward and Cory 2015;
Panneer Selvam et al. 2017; Wickland et al. 2018). Here, we present the first evidence (to our
knowledge) of varying DOM composition and biodegradation across distinct stratigraphic units
within sites subject to thawing permafrost. Permafrost leachates had higher carbon-normalized
biodegradation than active layer leachates, and variability within permafrost leachates was well-
predicted by leachate characteristics. Biodegradation resulted in a relative depletion in
microbial/protein-like DOM components, and a relative enrichment in humic-like components
(see also Wickland et al. 2012; Abbott et al. 2014; Drake et al. 2015; Mann et al. 2016; Wickland
et al. 2018), while nutrients and metal concentrations were also correlated with biodegradation

rates. Although the different inocula treatments did not lead to large differences in
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biodegradation rates, there were shifts over time in microbial community composition, where the

source of the inocula influenced the direction of divergence.

3.4.1 Varying DOM Biolability in Permafrost Stratigraphic Units

On the Peel Plateau, permafrost leachates almost universally experienced higher carbon-
normalized biodegradation rates compared to active layer leachates. This finding is congruent
with other studies (Ward and Cory 2015; Panneer Selvam et al. 2017), but we further identify
that stratigraphic units within the permafrost column vary in their biolability. Generally, DOM
leached from Holocene permafrost was more biolabile than DOM leached from Pleistocene
permafrost. This is consistent with increased biodegradation for within-slump rill water that had
a more Holocene-aged signature (via §'®0) compared to a more Pleistocene-aged signature
(Littlefair and Tank 2018). Notably, the extent and consistency of this trend depended on the
site; decomposition rates for HD-H leachates were markedly higher than for HD-P leachates,
while FM3 displayed similar rates for both Holocene and Pleistocene-origin leachates. Since the
provenance of permafrost reflects not only sediment deposition, but also formational processes,
past thaw, and exposure to modification, these factors act together through time to shape
permafrost characteristics, thereby also shaping the composition of DOM leached from this
permafrost. Because the Peel Plateau is a heterogenous landscape with a complex geological
history, site-specific compositional attributes may play a key role in determining the biolability

of permafrost throughout the stratigraphic column.

Comparing biodegradation rates to studies from other regions provides insight into how
the regional setting may influence biolability. For example, carbon-normalized biodegradation
rates in our Holocene leachates are higher than those reported for Holocene-origin leachates
from interior Alaska (Wickland et al. 2018), but this region has a glacial legacy that contrasts
with the Peel Plateau. Sites in interior Alaska included a peatland and forested areas (Wickland
et al. 2018), which have not undergone extensive glaciation, and primarily formed as syngenetic
permafrost (Péwé 1975). In contrast, our thaw slump sites are in mostly epigenetic permafrost,
where Holocene leachates reflect the relict active layer that has been modified from past thaw
(Kokelj, Tunnicliffe, and Lacelle 2017). While regional differences in the type of parent
material, mode of permafrost formation, or glacial legacy may contribute to the discrepancy in

biodegradation rates, thaw-driven modification in our Holocene samples would have enabled soil
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development and increased incorporation of organic matter, and therefore may enhance

biolability of DOM leached from this modified material.

While some Pleistocene leachate rates were comparable to rates in other regions, we
observed high variation among sites on the Peel Plateau. The higher biodegradation rates from
HB were similar to rates reported for Pleistocene-origin Yedoma from various locations (Ewing
et al. 2015; Drake et al. 2015), while degradation rates from FM3 and HD were generally lower.
Samples in HB were compositionally more microbial/protein-like than FM3 and HD, which
likely contributed to its increased biolability. Importantly, these sites span different recessional
fronts of the Laurentide Ice Sheet that may have influenced permafrost composition (Kokelj,
Tunnicliffe, and Lacelle 2017). HB lies furthest west and is closer to the maximum westward
extent of the ice sheet (~18,000 cal ypb) that may have allowed more time for microbial re-
working, while FM3 and HD lie closer to a relatively more recent recessional front (~16,000—
14,000 cal ybp; Kokelj, Tunnicliffe, and Lacelle 2017; Dalton et al. 2020 and references within).
The clear compositional differences in these sites reinforces that glacial legacy and geologic
setting have a strong influence on shaping DOM composition derived from permafrost with

differing origins.

3.4.2 Drivers of DOM Biodegradation

Similar to other studies (e.g., Mann et al. 2016; Drake et al. 2015; Wickland et al. 2018),
initial DOM composition was the primary indicator of biolability, where the relative proportion
of humic-like versus protein-like components led to predictable differences in degradation rates
across stratigraphic units and among sites. While we observed a general compositional shift over
the 28-day experiment to less fresh/protein-like and higher molecular weight DOM, nutrient
ratios and metal concentrations were also important predictors of biodegradation. Biodegradation
rates were inversely related to C:N and C:P, reinforcing that nutrient status is an important driver
of DOM biolability (Marschner and Kalbitz 2003; Wickland et al. 2012; Littlefair and Tank
2018). The DOC:TDN ratio can also provide information on DOM composition, because low
C:N can indicate less degraded, microbially-produced DOM (Brookshire et al. 2005; Fellman,
Hood, and Spencer 2010). Trace metal concentrations, and to a lesser extent pH, were also
important predictors for biodegradation rates. The precise role of how metals identified in our
LASSO regression affect biodegradation is not well known, and studies have found mixed results

for metals both enhancing and inhibiting biodegradability (Marschner and Kalbitz 2003). There
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was also a moderate to strong correlation for most metals with pH, and both of these factors can
influence the activity and structure of the microbial community (Ward and Cory 2015; Jiang et

al. 2019), which may have subsequently affected biodegradation rates.

3.4.3 Shifts in Microbial Community Composition

Analysis of pre-and post-incubation microbial community composition from HB-A
samples amended with U, W, and N inocula demonstrate clear shifts by treatment over time,
which appeared to be at least partly driven by initial source of the inocula. The classes that were
identified as top contributors to the community composition shifts have been previously reported
across permafrost regions (Jansson and Tas 2014), including in Alaska (Tas et al. 2014), in
Siberia (Gittel et al. 2014), the Tibetan Plateau (Zhang et al. 2014) and in Greenland (Gittel et al.
2014). The microbial community compositional shifts were coupled with a reduced number of
taxonomic groupings in incubated samples, but increased evenness of taxa, over time. This
suggests that the microbial community underwent selection, where a small subset became more

uniformly abundant, but the class selection varied by treatment.

Upstream-inoculated treatments showed a clear divergence from those amended with
inocula from within-slump rillwater and native leachate. This may reflect the greater tendency of
microbes leached from active layer soils (the N inocula) and particle-rich slump runoff (the W
inocula) to have been associated with particles compared to those from upstream sites (Littlefair,
Tank, and Kokelj 2017). Although microbial community compositional shifts were not
significantly associated with metrics for DOM composition, the U-inoculated leachates had
lower C:N and higher Mg concentrations (both important predictors for biodegradation rates)
compared to both N- and W-amended HB-A leachates. Since all inocula treatments were applied
to the same leachate, changes in the microbial community response likely reflect differences
based on the initial source of the inocula, despite the similarity of initial microbial communities.
Surprisingly, U-inoculated and W-inoculated treatments displayed slightly higher biodegradation
rates than the N-inoculated treatments, suggesting that microbial communities from aqueous
environments (streams and rill-water) may be more effective at degrading DOM than their soil-

associated counterparts (active layer soils).
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3.5 Conclusion

Sampling thaw slumps across the Peel Plateau, we observed high variability in both
DOM composition and biodegradation across sites and stratigraphies. In sites with all three
strata, Holocene leachates were generally more biolabile than Pleistocene leachates, which both
exceeded the active layer leachates. Differences in DOM composition appear to be strongly
influenced by glacial legacy and past thaw, which combine to act over time and differentiate
biolability across sites and within permafrost stratigraphies. We also observed clear shifts in the
microbial community composition over the incubation period, where the direction of divergence
depended on the source of the inocula treatment. Inocula from aqueous sources demonstrated
stronger compositional shifts, and also showed slightly higher biodegradation rates than inocula
from soil. Therefore, material released from thaw slumps may lead to microbial community
compositional shifts, and biodegradation rates could increase when DOM enters into recipient
aqueous environments. These results emphasize the need to account for variation in DOM
composition and biolability at a stratigraphic scale, while considering changes to microbial

community composition, which will likely impact the fate of carbon following permafrost thaw.
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Table 3-1. Site and sample processing information, where ID represents the Site-Layer format
(A=active layer, H=Holocene, P=Pleistocene). Depth refers to the depth of sample collection
from the ground surface (0 m). Mass refers to the mass of soil or permafrost material, to which
the volume of MilliQ was added, and Vol is the approximate volume of total leachate. The
Soil:Extract ratio is the Mass/Vol, while Leach:DI ratio indicates further dilution. Treatments
refer to the inocula treatments used for each sample.

Site ID Depth  Mass MilliQ Vol Soil: Leach:  Treatments
Lat, Long (m) (2) (mL) L) Extract DI
Ratio Ratio*
67°14'23.897, HB-A 0.3 4012.1 40203 2.85 1.40 1.00 U,W,N
-135°49'7.03” HB-P 7.0 24799 2488.1 450  0.55 1.00 U,W,N
FM3-A 03  6228.8 6249.1 4.80 1.30 0.10 U,W,N,K
67°15'12.06", FM3-H 2.0 47864 4843.0 3.80 1.20 0.99 U,W,N,K
-135°16'22.12"
FM3-P 3.0 4791.7 4828.6 5.10 094 0.99 U,W,N,K
onan oy HD-A 03 4169.0 4177.5 3.10 1.30 0.83 U,W,N,K
?g 5%‘2‘ g,fg 5 HD-H 20 16082 16082 175 0.9 100 UW
' HD-P 3.0 3417.5 34317 3.40 1.00 0.88 U,W,N,K

*Dilution applied to leachate in order to achieve absorbance at 254 nm <1, so that high
concentrations of organic carbon would not lead to anoxia within the 28-day experiment.

Table 3-2. Results for LASSO regression of predictor variables for normalized oxygen

consumption. Timepoint references when the sample was collected, and coefficient represents
the slope for the variable. Input variables were standardized to enable direct comparison of the
coefficients for each variable.

Variable Timepoint Coefficient
Peak C (%) O -1.2933
Mg 28 1.1532
C:N 0 -0.5743
Bix 0 -0.5407
K 28 -0.4051
C:P 0 -0.3385
Ba 28 0.3157
pH 0 0.2482
Ni 28 0.1934
Sr 0 -0.0872
Cu 28 -0.0733
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Figure 3-1. Site sampling map showing A) all three slump locations; B) FM3 with the stream
sampling locations, where upstream is unaffected by the thaw slump, and within is sampled from
the rillwater draining the slump headwall (photo credit: Dr. Scott Zolkos); C) the thaw
unconformity at FM3 demarcates the darker, relatively organic-rich relict active layer above the
light, ice-rich undisturbed permafrost; and D) headwall sampling references from FM3,
including active layer (0.3 m), Holocene (2 m), and Pleistocene (3 m) sampling locations. Glacial
margin shapefiles were retrieved from supplementary data in Dalton et al. 2020.
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Figure 3-2. Pre-incubation concentrations of TDN, TDP, TOC, and pH, and post-incubation
concentrations of aluminum and calcium. Data points represent the mean and standard error of
all treatments (N, U, W, as applicable) for each site (denoted by shape) and layer (denoted by
colour, where A=active layer, H=Holocene, and P=Pleistocene). Units of measurement and
parameter name is provided in the header of each plot, with “free” y-axes to capture the
appropriate range for each parameter.
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Figure 3-3. Oxygen loss for sample leachates during the experiment, where horizontal sections
represent sites, vertical sections represent the inoculate treatments (N=native, U=upstream,
W=within-slump), and colour denotes layer (A=active layer, H=Holocene, and P=Pleistocene).
Panel A) shows absolute change in oxygen concentrations over time, measured every 2-3 days
during the 28-day experiment. Error bars represent standard error about the mean from triplicate
bottles, but are sometimes hidden by the symbol (due to small error range). Panel B) shows
oxygen loss normalized to initial TOC concentration (Initial [O2] — Final [O2] / Initial [TOC] x
100) to indicate oxygen consumption relative to the available TOC pool.
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Figure 3-4. Principal Components Analysis for initial and final DOM composition metrics,
where arrows represent eigenvectors for FI=fluorescence index, BIX=biological index,
HIX=humification index, Sr=slope ratio, as well as for the proportion of fluorescent peak A, B,

C, M, and T relative to the total fluorescent signal.
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Figure 3-5. The change in DOM composition (characterized by fluorescence peaks, indices, and
slope ratio), calculated as percent change from initial (Initial — Final / Initial x 100). Data points
represent the mean and standard error of all treatments (N, U, W, as applicable) for each site
(denoted by shape) and layer (denoted by colour, where A=active layer, H=Holocene, and
P=Pleistocene). Negative values indicate a loss over time, while positive values indicate a gain.
Input values of Sr, BIX, FI, and HIX represent the absolute value for these parameters, while
input values of fluorescent peaks represent the contribution of each peak to the total fluorescent
pool.
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Figure 3-6. Microbial community composition at t=0 and t=28 for HB-A leachates amended with
N, U, and W inocula. Panel A) shows non-metric multidimensional scaling (k=2, stress=0.047)
of Bray-Curtis dissimilarity for relative abundance of rarefied OTUs. Simper analysis identified
the classes that contributed >1% to dissimilarity, which were significant vectors for the NMDS
based on 9999 permutations. Panel B) shows the change (positive=green, negative=red) in the
proportion of these classes (contributed >1% to dissimilarity) over the course of the 28-day
experiment. Rows denote the treatment, bars represent the mean, and error bars show the
standard error for triplicates.
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CH. 4: General Conclusions

4.1 Summary of General Conclusions

Through the detailed DOM compositional analyses in Chapter 2, we found that
permafrost end-members were highly diverse across samples collected in the western Canadian
Arctic. We found that the proportion of aliphatic compounds generally reflected the degree of
processing, congruent with my hypothesis, though were lower in Yedoma than expected based
on studies of Yedoma from other regions. Active layer leachates displayed compositionally
similarity across landscape type, but were dissimilar from all permafrost end-members due to a
higher proportion of aromatic compounds and more oxygenated compounds, as expected based
on my hypothesis. Exposure to modification processes such as past thaw led to some
compositional overlap among peat, lacustrine, and Yedoma leachates, which were
compositionally distinct from glacial-origin till deposit leachates. Differences in the proportion
of aliphatic versus aromatic compound classes suggest permafrost end-members will also vary in
their biolability, as was similarly demonstrated in Chapter 3, which found contrasting DOM
composition and biolability across stratigraphic units. Permafrost leachates were more biolabile
than active layer leachates, with slightly more biolabile DOM in Holocene leachates than
Pleistocene leachates. While these results generally agreed with my hypothesis, there was more
variation among permafrost leachates by site than expected. Corroborating that past thaw can
influence DOM composition, the increased biolability of Holocene leachates was tied to higher
proportions of protein-like, microbially-produced components, which were preferentially
consumed over humic-like, terrestrially-derived components. DOM compositional metrics were
among the top predictors for biolability, and biodegradation rates were not strongly impacted by
adding inocula from different sources, consistent with my hypothesis. The microbial community
structure results did not agree with my hypothesis, since we found that the structure was initially
similar and actually diverged over time; the source of the inocula appeared to influence the
direction and extent of structural shifts, potentially due to the sediment and particle abundance

present at each of the sources from which the inocula were sampled.

4.1.1 Research Limitations and Improvements

For the compositional analyses in Chapter 2, although FT-ICR MS produces high-

resolution results, as with most analyses, it is subject to some limitations. One of the main

51



challenges associated with FT-ICR MS is charge competition between ions, where the negative
ion mode used in this study preferentially selects for acidic analytes (such as carboxylic acids)
over less acidic ions (such as alcohols or nitrogen-containing compounds; Koch et al. 2008;
Tfaily et al. 2017). Choice of solvent and other experimental conditions can influence analyte
abundance, which prompted us to attempt sequential extraction using MilliQ water, followed by
methanol and chloroform, which together capture a greater range of compounds than one solvent
alone (Tfaily et al. 2017). Unfortunately, upon injecting the chloroform leachates into the FT-
ICR MS, these samples were found to be highly contaminated and therefore were not analyzed.
The contamination could result from multiple, potentially co-occurring causes, including
exposure to plastic during the sample collection phase (Tfaily et al. 2017), from using HPLC-
grade chloroform that may have been either contaminated during production or too low-quality,
or due to infrequent use of hydrophobic solvents in the FT-ICR MS instrument that led to
contamination following injection (Randy Whittal, University of Alberta Mass Spectrometry
Laboratory, pers. comm.). Including the hydrophobic fraction extracted with chloroform would

have contributed to a broader, more complete characterization for permafrost-derived DOM.

For the biodegradation experiment completed in Chapter 3, some logistical complications
and methodological choices contributed to limitations in the observed results. As with all
experiments conducted in a laboratory setting, these experiments do not mimic the natural setting
found in the in situ environment. Although we attempted to control temperature throughout the
28-day experiment, the incubator in our field laboratory malfunctioned a few days prior to
setting up the experiment. In conjunction with this, local temperatures increased significantly one
week, which led to the incubation bottle temperatures fluctuating from ~18°C to 28°C. These fall
closely within the range of temperatures commonly used in biodegradation experiments (from
3.5°C to 25°C; Vonk et al. 2015), but the changing temperatures may have affected the
biodegradation rates. Since all experimental bottles, including the controls, experienced the same
fluctuation, our interpretation of the relative rates should still accurately reflect changes in
biodegradation among leachates. Future biodegradation experiments should be conducted using
an incubator that can maintain a constant temperature to alleviate this as a potentially

confounding factor.

We initially chose to focus on the dissolved fraction of organic matter, which is

functionally defined as the DOM passed through 0.45 to 0.7 um (nominal pore size) filters.
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While inocula used in other biodegradation experiments is occasionally filtered through 1.2 um,
filtering through 0.7 um was previously determined to contain sufficient bacteria to serve as
inocula (Vonk et al. 2015). Although filtering introduces size-based selection for the bacterial
community, this has been shown to not impact DOM degradation dynamics (Dean et al. 2018).
However, filtering through 0.7 um may alter predatory dynamics by excluding bacteriovores
(Dean et al. 2018), and therefore may have had an effect on the structure of the bacterial

communities that were characterized in a subset of our experimental bottles.

Contrary to our expectations, the microbial community composition from initial samples
was similar across treatments that included inocula from unimpacted stream water, thaw-slump
rill water, and leachate-specific samples. While this could indicate that microbial community
composition is similar across all three sources, it is possible that the storage required for our
initial community samples led to a deviation from the in situ community composition. While we
did still observe differences in the response of the microbial community structure among inocula
sources, the degree or direction of divergence may have been different if the inocula was added
immediately after collection. If logistically feasible, inocula should be collected and added to
experimental leachates as soon as possible, ideally within a few hours to prevent rapid shifts in

the microbial community.

Our microbial community structure analyses were limited by low concentrations of DNA
extracted from the samples, such that active layer leachates from one site were the only samples
sent for sequencing. Since we had to partition the 120 mL experimental volume into multiple
analyses, we were only able to filter ~15-50 mL for the DNA extraction samples, which may
have contributed to the low concentrations of DNA. While incubation bottle size is a trade-off
between sample volume and potential “bottle effects” (Vonk et al. 2015), larger incubation
bottles may be necessary for characterizing microbial community structure from permafrost

leachates.

4.2 Future Research

The compositional differences and varying biolability presented in this study highlight
that DOM is shaped by its genesis and provenance, creating a need for future research to
investigate how permafrost-derived DOM may further vary in other regions that have contrasting

geologic, geomorphic, temperature, or ecosystem history than the terrain types described here.
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Comparing composition and biodegradability of end-members types similar to the ones used in
this study will help to illuminate how regional differences may or may not affect DOM
characteristics. This future research may lend itself to including additional end-members that
were not addressed here, if there are other relevant permafrost end-members in different areas or
regions. Since we observed differences in the proportion of compounds extracted using MilliQ
water and chloroform:methanol, additional research that uses multiple, contrasting solvents will
help to create a more complete assessment of the divergence between permafrost composition
and the WEOM fraction that is available to aquatic systems. While we observed increased
biolability of Holocene-associated DOM compared to Pleistocene-associated DOM in our
incubation work, this assessment used samples collected from the headwalls of thaw slumps, so
it would be interesting to investigate whether these patterns hold for other manifestations of
permafrost thaw, such as active layer thickening, active layer detachment slides, etc. In the case
of reduced or absent permafrost thaw, the near-surface sediments may be of a greater concern
than the deeper deposits, while detachment slides or other mass wasting may mix material from
multiple deposit depths, potentially altering the effective biolability of otherwise distinct units. In
addition to the stable water isotope (8'%0) analysis performed on a subset of samples in Chapter
3, analyzing radiocarbon (5'*C) would better constrain how age of the sample material may be
related to permafrost-derived DOM composition and biodegradability. Furthermore, analysis of
stable isotopes of DOC and/or soil organic carbon (§'3C), which is useful for determining the
sources of organic carbon, would provide additional insight to complement optical-based

metrics.
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APPENDICES

Appendix 1. Supporting information for Chapter 2

Al.1. Detailed Methods

To determine SOM content, we completed loss-on-ignition using ~5 g of freeze-dried
sediments, which was aliquoted into a pre-cleaned glass petri dish, muffled at 360°C for 4 hours,
placed in a dessicator to cool, then weighed to determine the difference in weight, expressed
relative to initial weight (Salehi et al. 2011). To determine DOC, ~30 mL was aliquoted into pre-
cleaned borosilicate vials, preserved with 30 pL concentrated hydrochloric acid, and stored in a
dark fridge (4°C) until analysis (Vonk et al. 2015). Samples were analyzed on a Shimadzu TOC-
5000A, which reports the mean concentration of three to five injections (to satisfy coefficient of
variance <2%) from each sample vial. Subsamples for absorbance were aliquoted into pre-
cleaned amber glass bottles, were stored in a dark fridge (4°C), then were analyzed using a
Horiba Aqualog. Absorbance slopes from wavelengths 275-295 nm were divided by the slope
from wavelengths 350-400 nm (S275-295/S350-400) to calculate slope ratio (S;; Helms et al. 2008).
Subsamples for TDP were aliquoted into 50 mL centrifuge tubes, then were submitted to the
Biogeochemical Analytical Services Lab at the University of Alberta and analyzed using a
Lachat QuickChem QC8500 FIA Automated Ion Analyzer. Subsamples for trace metal analysis
were collected into 15 mL centrifuge tubes, preserved with 18% nitric acid, then were submitted
to the ICPMS facility within the Canadian Center for Isotopic Microanalysis (CCIM) laboratory
at the University of Alberta, and analyzed using a Thermo ICAP-6300 Inductively Coupled

Argon Plasma - Optical Emission Spectrometer.
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Table Al-1. Borehole (BH) sample depth, end-member (E-M) type (A.L.= active layer, lacust. =
lascustrine, diamic. = diamicton, and Yed.= Yedoma), with geochemical parameters including
soil organic matter (SOM), dissolved organic carbon (DOC), S; (slope ratio is inversely related

to molecular weight), and total dissolved phosphorus (TDP). DOM composition is presented

using the proportional abundance (% is intensity sum normalized) of compounds detected using

FTICR MS, grouped into broad classes aliphatic (aliphat.), low-oxygen unsaturated (low-O
unsat.), high-oxygen unsaturated (high-O unsat.), aromatic (arom.) and condensed aromatics

(cond. arom.).

Low-

High-

Depth SOM DOC TDP  Ali- 0 0 Arom. Cond.

BH E-M N (mg/ S: (ng/ phat. o Arom.
(m) (%) L) L) (%) Unsat. Unsat. (%) (%)

) (%)

1 0.32 A.L. 89.54 1799 047 98 2.5 9.5 48.8 25.5 6.5
1 0.82 Peat 21.14 4373 081 45 178 109 43.4 17.0 7.6
2 0.32 A.L. 142 23.66 na na 2.3 10.3 54.8 21.2 7.5
2 11.25 Till 1.94 2.15 na na 4.5 65.1 10.4 12.4 53
3 0.32 A.L. 7893 306 0.82 97 2.1 9.3 50.6 24.8 8.8
4 3.7 Peat 1593 2683 095 50 273 8.7 41.7 14.2 5.1
4 5.86  Lacust. 2.17 3.58 0.89 8 174  14.7 53.2 9.0 3.7
5 14.25 Till 0.34 2.21 na na 879 75 3.1 1.2 0.0
6 1.12  Diamic. 15.13 16.05 0.85 26 10.8 8.7 47.6 21.3 7.6
7 0.32 A.L. 6.36 17.64 1 88 4.2 4.7 58.7 22.1 6.1
7 4.75 Till 2.25 6.92 092 71 458 155 21.4 10.8 4.8
8 0.32 A.L. 82.52 49.79 0.76 130 5.0 11.7 47.8 22.7 9.2
8 1.52 Peat 3557 65.73 0.87 96 29.1 9.1 36.5 16.4 5.8
8 10.22 Lacust. 3.2 8.55 1.1 13 202 9.1 449 16.4 6.1
9 0.32 A.L. 7794 4503 0.72 192 25 10.4 52.7 22.5 7.8
9 9.25 Till 1.94 4.58 na na 549 114 17.3 10.2 4.4
10 9.5  Diamic. 1.3 7.9 na na 4.1 30.1 64.2 0.9 0.4
KL 6 Yed. 1.96 9.63 na na 124 125 59.2 9.5 4.6
KL 7 Yed. 289 1146 na na 31.1 11.0 35.8 13.6 6.1
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Figure A1-1. Boxplots to illustrate the proportional abundance of compound class groups for A)
methanol and B) MilliQ. Panel B) is shown for comparison purposes here, and is identical to the

plot in Figure 2-3; boxplot ranges follow those described in Figure 2-3.
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Figure A1-2. Van Krevelen plot showing the broad compound classes used in this study.
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colour denotes end-member type. Boxplot ranges follow those described in Figure 2-3.
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Figure A1-4. Sedimentological properties by depth for BH1 (NTGS1) collected in 2017, from
appendix B in Ensom et al. 2020. Note that samples collected from less than 2 m were collected
in 2018 from boreholes that were immediately adjacent to the boreholes depicted here.
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Figure A1-5. Sedimentological properties by depth for BH2 (NTGS2), from appendix B in
Ensom et al. 2020. Note that samples collected from less than 2 m were collected in 2018 from
boreholes that were immediately adjacent to the boreholes depicted here.
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Figure A1-6. Sedimentological properties by depth for BH3 (NTGS3), from appendix B in
Ensom et al. 2020. Note that samples collected from less than 2 m were collected in 2018 from
boreholes that were immediately adjacent to the boreholes depicted here.
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Figure A1-7. Sedimentological properties by depth for BH4 (NTGS4), from appendix B in
Ensom et al. 2020.



Borehole No: TVC_H (NTGS 5)
EGTNW Ltd. Project: ITH Winter 2017 Geolechnical Drilling Program | Project No: ENG.YARC03097-01
Location: Trail Valley Cresk
Northwest Terrilories 68.752120° N; -133.541119° W
A Salinity (ppt) A
| s 5 5 10 15 20 o
2 £|2 % g
-l . > = <5
£-|8 Soil Ground Ice  |g] 2| 5 z Sols
o= D . . Ty = o Jo=h
o2 Description Description |E 2|2 | ¢ iyt
S| 5| 5| 2| Plastic Moistwre Liquid |E
@1 &= | 2| Umt Content Limt |2
(5]
g 20 40 60 80 o
E ORGANICS - peat, trace gravel, brown : : 5 E
E ICE - trace peat : : 3
;_ ! SERAR e Ice lenses, Vs 40% e I e i 4“
% PEAT - brown, slight organic odour o4 crystal‘s‘ Vx, 30% N (e % N : 7
E Vx 5% cc2 N 6
2 \_-grevel to 50 mm diameter /] ces Comnmee E
E CLAY - trace gravel, grey S B 8
-3 G 48| 5 [l e : 10-;
g 124
4 - trace sand, cohesive Vx5-15% b
F 14-]
5 3|39 60 L) .
Fs 18-
; 18-
;—6 [ 49 5 | > gl 203
£ o 22
Fv g’ Vi 5-10% 3
E = 5 : 2 24
E i B o5 | 79| 49 R ;
Fs | : 26
E re] =
E [7:]
F 28
E_g G 3 62 | i 4 . P an
E : : : 32
E 10 55 R T P k
E : 34-5
E mm Gr a7 L] E
f— 1" 36—
E .
E SAND ~sity, brtle, grey, fine sand Vet E
12 =GB 24 : 207
8 45 o .
E : : : 49
13 Well bonded, Nbn/Nbe Go B 3
E Cc4 | 102 o 44
;—14 -silty, dense a0 35| 18 | g Pk 46
3 ;5 485
E 15 - : =
Contractor: Midnight Sun Drilling Completion Depth: 20.1m
n TETRATECH Driling Rig Type: Prospector P1 Multipower RC Start Date: 2017 March 10
Logged By: DY Completion Dete: 2017 March 11
Reviewed By: EG Page 1of 2

NORTHERN ZONES. GPJ EBA,GOT 182114

Figure A1-8. Sedimentological properties by depth for BH5 (NTGSS), from appendix B in
Ensom et al. 2020.
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Figure A1-9. Sedimentological properties by depth for BH6 (NTGS6), from appendix B in
Ensom et al. 2020. Note that samples collected from less than 2 m were collected in 2018 from
boreholes that were immediately adjacent to the boreholes depicted here.



Project: ITH Winter 2017 Geotechnical Drilling Program | Project No: ENG.YARC03097-01
EGTNW Ltd. ] g Prog j
Location: Husky Lakes
Northwest Territories 59.0188333° N; -133.2746° W
A Salinity (ppth &
= 5 10 15 20 o
8| O | = 2
2l || E Jicd
k=] . E o | & i)
=2 Soil Groundlce || Z2|5| 35 =X =P
T E |y £ g 2 4 5| @ T o D@ D=
o~|2 Description Description gl 2|8l e £d|a
S| 5| 5| 2 | Plasic Moisture Liquid |2
@& | 2| umit Content Limt |2
I o i &)
9 20 40 60 80 o
£ ORGANICS - roots, moss, (100 mm thick) P Frozeg. ice crystals : F : 3
E PEAT - brown, (300 mm thick) Vx 30% et :
E ICE AND PEAT - brown, siight organic odour '62 Gl 125 23
;— 1 SAND - trace gravel, brown <% 4_
e G |39 |2 e e
= : L
2 3
;— CLAY (TILL) - silty, some sand, some gravel, medium plastic, grey Ve 5% B
;_ 3 Icelens oo |43 4 | 5 103
E -
E4 agravely L e =
E : 145
E - (Gravel - 24%; Sand - 20%; Silt - 33% Clay - 23%) pml Gz (3959 | i @ S
F s .. 16
E 18-}
E ~80% it
C ICE AND GRAVEL - trace sand, gravel to 75 mm diameter 80% ice =
£e | 4 296 ] 20~
3 B 22
E7 | @ [SAND -gravelly, trace fines ks 24’
£ = =
b g | o5 |13 19 3
Es |2 26
E 5 3
& @
= ; 23
E 5 -35 : .
E - grawel to 75 mm diameter ot e e e 301
E 35
w0 (| e =
E 342
E 7|2 10| e 3
E 11 36
;_ - friable 38
=i ~ (Gravel - 53%; Sand - 37%; Clay & Sit - 10%) i cs (15| 5 [@° i
E 42-+
13 E
g o cg |25 11 | @ 44:
E 1z 465
E 48
E 15 ; b 1 E
Contractor: Midnight Sun Drilling Completion Depth: 20.1 m
E TETRATECH Drilling Rig Type: Prospector P1 Mullipower RC Start Date: 2017 March 9
Logged By: DY Completion Date: 2017 March 10
Reviewed By. EG Page 10f2

NORTHERN ZONE8 GPJ EBA GDT 187214

Figure A1-10. Sedimentological properties by depth for BH7 (NTGS7), from appendix B in
Ensom et al. 2020. Note that samples collected from less than 2 m were collected in 2018 from
boreholes that were immediately adjacent to the boreholes depicted here.
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Figure A1-11. Sedimentological properties by depth for BH8 (NTGSS), from appendix B in
Ensom et al. 2020. Note that samples collected from less than 2 m were collected in 2018 from
boreholes that were immediately adjacent to the boreholes depicted here.



EGTNW Ltd. Project: ITH Winter 2017 Geotechnical Drilling Program | Project No: ENG.YARGG3067-01
Location: Husky Lakes
Northwest Territories 69.01287145° N; -133.3085521° W
A Salinity (ppt) &
| = 5 10 15 20 o
o 5|22 2
= " = % -y E ] =
£=|8 Soil Groundlce |G| 2| 5|5 £o s
DE|g . . . . =| o o o DG D=
a2 Description Description |2/ 2| & | o 3|6
S| B | 5| 2| Plastc Moisture Liquid |2
P& | g Lmt Conent Lmit |2
g 20 40 60 80 0
E ORGANICS - peal, roots, wood chips, organic odour Frozen, ice crysials 431 ] B 3 E
3 CC1 s : 51
E Gl [-11.2| 513 i 5 e
= PEAT - brown Vx 5% o2 S T T . . =
E Vi 5% i 45
F ce3| & & & & =
E o = E e
Eo - organic odour ‘5"6( fﬂoﬂ’fice - (?024 17383 N S S . hd 6_
i Vi 40% 38 A 8}
E €c5 ‘ ;& 3
£3 Gy |48 14 |e 10-]
; 50 mm ice lens s - ‘ 1o
E4 || -trace sand, trace gravel Noisibleica T P E
E o) cc7 A 144
E ‘g‘; G241 20 o
Es |E ccs 193
E k7 8.5 3 & i ¢ i
= 5 Wx 10% 5 8 +
E O [ CLAY (TILL) - silty, sandy, trace gravel, medium plastic, grey, very : E 18
E (g slight organic odour : E : : =
£ G5 | 45| 2 S e 50
;_ : : : 3 22—
E 7 - dark grey, omganic odour M2y A 247
5 G (35| 19| re— E
Es 26-;
5_ - plastic, slight organic odour Vx<5% . 28
E d - (Gravel - 6%; Sand - 29%; Silt - 42%; Clay - 23%) o 67 | 23| 16 | e 304
2 o
E10 3
E END OF BOREHOLE (10.10 metres) o
E 25 mm diameter PYC pipe installed to 10.00 mefres for installation of S
£ future ground temperature cable. 3
E-11 36
E 38
Ez 7
E 40-;
E 42
E=18 -
E 443
E s 48
c 48
E 15 _
Contractor: Midnight Sun Drilling Completion Depth: 10.1 m
n TETRATECH Drilling Rig Type: Prospector P1 Multipower RC Start Date: 2017 March 8
Logged By: DY Completion Date: 2017 March 8
Reviewed By: EG Page 1of 1

MNORTHERN ZONES. GPJ EBA.GDT 18/2/14

Figure A1-12. Sedimentological properties by depth for BH9 (NTGS9), from appendix B in
Ensom et al. 2020. Note that samples collected from less than 2 m were collected in 2018 from
boreholes that were immediately adjacent to the boreholes depicted here.
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Figure A1-13. Sedimentological properties by depth for BH10 (NTGS10), from appendix B in
Ensom et al. 2020.



Appendix 2. Supporting information for Chapter 3

Table A2-1. Description of fluorescence metrics with excitation (Ex) and emission (Em)

wavelengths, including a brief description and the original reference for each metric (Gabor,
McKnight, and Miller 2014). Note that the fluorescence index, humification index, freshness
index, and slope ratio are calculated as ratios for the wavelengths specified.

Metric Ex (nm) Em (nm) Description Source
Peak B 275 310 Protein-like (tyrosine) Coble 1996
Peak T 275 340 Protein-like (tryptophan) Coble 1996
Peak A 260 380-460 Humic-like (fulvic acid) Coble 1996
Peak M 312 380-420 Marine humic-like Coble 1996
Peak C 350 420-480 Humic-like (terrestrial) Coble 1996
Increasing FI indicates .
Fluorescence 370 450 and 500 more microbial (less McKnight et al.
Index (FI) . 2001
terrestrial)
Humification 300-345 and 435-  Increasing HIX indicates
Index (HIX) 254 480 increasing humification Ohno 2002
Increasing BIX indicates
Ifé:ih(lgls;) 310 380 and 430 fresher material Hugaet<tal
(microbially-produced)
Slope Ratio Higher S;indicates lower Helms et al.
(Sp) 275-295/350-400 molecular weight 2008

Table A2-2. Description of water chemistry parameters where sample time refers to the
experimental time of collection. Filtration describes the filter nominal pore size and material™*.
Preservative refers to any additional acidification or treatmeant, while storage denotes the
approximate temperate the samples were stored at prior to analysis.

Parameter ,i?nnllgle Filtration Preservative Storage Analyzer
DOC 0,28 0.7 GF/F_ 0.1% HCI 4°C Shimadzu-TOC5000A
Abs/Fluor 0, 28 0.7 GF/F None 4°C Horiba Aqualog
0.7 GF/F Lachat QuickChem
TDP 0 None 4°C QC8500 FIA Automated
Ion Analyzer
TDN 0 0.7 GF/F  None 4°C
DIN 0,28 0.7 GF/F__ None -20°C
Metals 28 0.7 GF/F 18% HNOs3 4°C Thermo ICAP-6300 OES
5180 NA none No headspace 4°C Los Gatos Liquid Water
Isotope Analyzer
POC 0 O.‘l 0.1% HCI 4°C, Micro Cube elemental
Silver room analyzer
DNA 0,28 0.2PES 1 mL RNALater -20°C

*For filtration, GF/F refers to Whatman Glass Fibre Filters, Silver refers to Sterlitech silver filters, PES refers to
Millipore Sigma Polyethersulfone filters.

79



Table A2-3. Initial (time=0) DOM Compositional data for all experimental samples. ID
represents samples using abbreviations that reference site (B=HB, D=HD, and C=FM3),
stratigraphic layer (A=active layer, H=Holocene permafrost, P=Pleistocene permafrost) and

inoculum type (U=Upstream, W=Within slump rill-water, N=Native, or K=Killed controls); EEE
represent MilliQ controls. Input values of Sr, BIX, FI, and HIX represent the absolute value for
these parameters, while input values of fluorescent peaks (PeakB, etc.) represent the contribution
of each peak to the total fluorescent pool. Note that samples CAK, CAN, CAU, and CAW were
removed from analyses as described in the methods 3.2.3 Leachate Preparation.

ID Time S; BIX FI HIX PeakB PeakT PeakA PeakM PeakC
BAN 0 09 09 13 0.6 292 17.9 23.8 14.5 14.6
BAU 0 09 08 12 0.7 254 16.1 26.9 16.8 14.9
BAW 0 09 09 13 07 274 17.4 24.9 15.4 14.9
BPN 0 1.0 13 14 05 434 24.9 14.0 10.4 7.2
BPU 0 1.0 12 14 0.6 36.6 22.5 19.1 12.5 9.4
BPW 0 1.0 1.2 14 0.5 407 233 16.0 11.6 8.4
CAK 0 21 12 14 0.6 445 15.3 17.4 13.0 9.9
CAN 0 22 19 1.7 05 550 16.3 12.1 10.3 6.3
CAU 0 22 1.1 14 0.6 434 14.4 20.1 11.8 10.3
CAW 0 22 1.1 14 0.6 427 14.3 20.7 12.3 10.0
CHK 0 08 1.1 14 0.7 209 14.2 28.3 20.0 16.7
CHN 0 08 1.1 14 0.7 206 13.3 32.7 18.6 14.8
CHU 0 08 1.0 13 0.8 18.8 12.0 34.8 18.9 15.6
CHW 0 08 1.0 13 0.8 19.3 12.4 34.4 18.7 15.2
CPK 0 09 08 14 09 4.4 7.5 38.9 27.9 21.2
CPN 0 1.2 1.0 15 0.9 4.7 8.9 41.5 25.8 19.1
CPU 0 1.0 09 14 09 42 8.2 41.9 25.7 20.1
CPW 0 1.0 09 14 0.9 4.3 8.6 41.5 25.8 19.9
DAN 0 1.6 1.1 15 06 299 15.1 24.8 16.1 14.1
DAU 0 1.7 10 14 0.7 254 13.7 28.3 16.8 15.8
DAW 0 1.5 1.1 15 06 285 15.0 24.6 17.3 14.6
DHU 0 1.6 08 14 0.8 8.8 9.9 37.1 23.8 20.4
DHW 0 08 09 14 0.8 12.2 11.7 34.3 23.2 18.7
DPN 0 1.1 1.1 13 0.7 16.7 13.3 33.7 20.5 15.8
DPU 0 1.2 1.0 13 0.8 14.5 11.8 354 21.2 17.2
DPW 0 37 09 14 0.8 10.4 10.1 37.4 23.5 18.5
EEE 0 09 07 09 03 207 14.4 49.2 8.2 7.4
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Table A2-4. Final (time=28) DOM compositional data for all experimental samples. Sample ID,

parameter descriptions, and excluding CA- samples follow those described in Table A2-3.

ID Time Sr BIX FI HIX PeakB PeakT PeakA PeakM PeakC
BAN 28 0.8 0.8 13 07 248 15.0 26.8 16.8 16.5
BAU 28 08 0.7 12 0.8 17.7 12.0 31.5 20.8 18.0
BAW 28 08 08 13 07 223 14.4 27.9 18.2 17.2
BPN 28 09 12 14 06 375 21.0 18.7 13.3 9.5
BPU 28 08 09 13 0.7 253 18.1 26.8 16.4 13.4
BPW 28 09 11 14 0.6 334 20.0 21.2 14.2 11.1
CAK 28 0.6 0.7 13 08 6.4 8.6 39.0 24.9 21.1
CAN 28 09 14 15 05 469 18.0 15.1 12.2 7.8
CAU 28 09 10 13 06 349 14.8 24.3 14.0 12.1
CAW 28 09 1.0 13 06 348 14.5 24.5 14.3 11.8
CHK 28 0.6 08 14 0.8 5.5 8.8 37.4 27.0 21.3
CHN 28 0.7 09 14 09 9.3 9.4 41.0 22.2 18.1
CHU 28 0.7 09 13 08 10.6 9.3 39.8 22.0 18.4
CHW 28 0.7 09 13 09 10.1 9.2 39.9 22.4 18.5
CPK 28 05 08 14 09 4.6 7.5 38.0 28.3 21.7
CPN 28 0.7 10 14 09 4.4 8.7 41.6 26.4 18.9
CPU 28 08 09 14 09 3.8 7.5 40.8 27.1 20.8
CPW 28 08 09 14 0.9 3.8 8.0 41.8 26.6 19.8
DAN 28 07 10 15 0.7 260 13.9 27.3 17.2 15.7
DAU 28 07 09 14 08 203 11.5 314 19.3 17.6
DAW 28 0.7 08 14 0.8 54 94 36.3 27.4 21.4
DHU 28 07 08 13 09 3.8 8.0 40.1 26.6 21.6
DHW 28 0.6 09 14 09 5.3 9.5 37.8 26.8 20.7
DPN 28 0.7 10 14 0.8 11.1 10.9 37.8 22.5 17.6
DPU 28 07 09 13 0.8 10.0 10.1 38.6 23.0 18.3
DPW 28 09 09 14 09 4.7 8.5 40.5 26.2 20.1
EEE 28 09 -03 28 03 349 16.3 28.3 11.4 9.0
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Table A2-5. Final (time=28) metal concentrations (Al, Ca, Fe, K, Mg, Na, Ba; units in heading)
for experimental samples. Sample abbreviations and excluding CA- samples follow those
described in Table A2-3.

ID Al(ug/L) Ca(mg/L) Fe(mg/L) K(mg/L) Mg (mg/L) Na(mg/L) Ba (ug/L)

BAN
BAU
BAW
BPN
BPU
BPW
CAK
CAN
CAU
CAW
CHK
CHN
CHU
CHW
CPK
CPN
CPU
CPW
DAN
DAU
DAW
DHU
DHW
DPN
DPU
DPW
EEE

1275.0
836.0
1292.0
1581.0
1323.0
1758.0
na
16760.0
15230.0
16250.0
na
256.9
711.1
1115.0
na
10.4
18.0
na
1818.7
na
601.6
na
9.3
271.4
271.0
9.2
na

4.7
16.4
6.3
1.9
13.9
3.9
na
3.2
12.0
254
na
25.7
24.6
26.2
na
67.4
61.9
na
2.1
na
14.6
na
97.8
49.5
46.2
56.5
na

2.7
1.8
2.9
3.0
24
3.3
na
34.0
30.4
32.7
na
0.4
1.3
2.2
na
0.01
0.0
na
5.5
na
1.0
na
0.01
0.5
0.6
0.01
na

2.8
2.8
2.9
0.8
1.1
1.2
na
1.9
2.1
2.9
na
6.6
6.0
6.4
na
8.4
7.5
na
1.4
na
24
na
8.1
8.1
6.5
7.7
na

1.9
6.0
2.5
1.1
54
2.0
na
34
7.6
13.2
na
10.1
9.6
10.4
na
28.3
25.2
na
1.4
na
6.8
na
28.4
17.0
14.8
20.3
na

1.0
23
1.8
1.0
2.5
2.0
na
1.6
3.6
10.4
na
10.9
9.8
11.0
na
50.3
43.6
na
1.2
na
13.5
na
35.7
95.5
75.3
90.9
na

740.2
586.1
717.7
307.5
258.3
353.3
na
1614.0
1789.0
2112.0
na
545.0
542.2
516.1
na
105.4
144.0
na
969.9
na
433.8
na
93.2
114.2
143.7
87.5
na
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Table A2-6. Final (time=28) metal concentrations (Cd, Co, Cr, Cu, Ni, Sr, V, Zn; units in
heading) for experimental samples. Sample abbreviations and excluding CA- samples follow
those described in Table A2-3.

D Cd Co Cr Cu Ni Sr A% /n
(ngL) (ngl) (ugL)  (ugl)  (ug/l)  (ugl) (ugl)  (ug/h)
BAN 0.15 11.2 1.8 7.0 14.1 32.8 5.8 120.6
BAU 04 3.7 1.8 4.4 8.9 53.5 2.8 79.4
BAW 0.6 10.2 2.2 7.3 13.8 38.4 6.4 100.3
BPN 0.7 4.1 4.9 12.2 5.0 18.6 7.3 60.0
BPU 04 44 4.3 10.1 5.3 43.5 4.8 48.8
BPW 0.7 2.1 5.5 12.8 7.9 28.3 7.4 54.5
CAK na na na na na na na na
CAN 0.15 52.0 21.0 47.0 30.0 157.0 55.0 361.0
CAU 5.0 20.0 24.0 51.0 30.0 157.0 57.0 311.0
CAW 0.15 26.0 16.0 46.0 29.0 157.0 51.0 237.0
CHK na na na na na na na na
CHN 0.15 1.0 0.9 4.6 0.8 57.3 2.4 7.15
CHU 0.15 1.7 2.5 8.9 1.9 69.8 3.7 25.2
CHW 04 1.5 2.6 15.7 34 89.2 6.1 50.4
CPK na na na na na na na na
CPN 0.15 2.6 0.4 0.7 0.8 46.1 0.95 22.6
CPU 0.15 0.45 04 1.5 1.7 43.6 0.95 19.3
CPW na na na na na na na na
DAN 0.8 7.7 39 17.0 13.4 447 8.7 70.0
DAU na na na na na na na na
DAW 0.9 134 1.1 11.0 27.1 52.5 0.95 182.5
DHU na na na na na na na na
DHW 0.15 7.7 1.6 0.7 13.6 176.0 0.95 284
DPN 0.5 1.4 1.8 6.0 0.8 104.7 0.95 239
DPU 0.15 0.45 1.7 5.0 2.3 95.0 2.6 23.0
DPW 0.15 9.8 04 0.7 11.0 107.7 0.95 23.9
EEE na na na na na na na na
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Table A2-7. Oxygen loss (initial-final), initial total organic carbon (TOC), pH, nutrients, and
carbon-normalized loss (Oxygen loss / TOC) for experiment samples. CA- samples were
included for oxygen loss comparisons, but were excluded for all other parameters, as described
in methods section 3.2.3. Sample abbreviations follow those described in Table A2-3.

D O loss TOC C-Normalized pH TDP TDN
(mg/L) (mg/L) Loss (mg/L) (ug/L) (ug/L)
BAN 1.55 18.73 8.3 5.1 145 597
BAU 4.08 5.15 79.2 5.2 136 537
BAW 2.27 8.64 26.3 5.2 134 688
BPN 2.37 5.55 42.6 6.3 129 237
BPU 3.44 4.75 72.3 6.4 109 219
BPW 3.18 5.25 60.6 6.4 117 371
CAK -0.04 19.03 -0.2 1.1 1590 1460
CAN 0.47 35.04 1.4 4.5 1770 1340
CAU 0.57 34.63 1.6 4.8 1560 1310
CAW 0.58 33.55 1.7 5.0 1440 1260
CHK 0.18 4.39 4.0 2.2 328 555
CHN 2.36 8.50 27.7 7.4 338 523
CHU 2.41 3.92 61.6 7.8 300 520
CHW 3.08 8.51 36.3 7.7 299 507
CPK 0.10 4.46 2.2 2.2 15 1360
CPN 1.52 6.02 25.2 6.9 7 1480
CPU 1.60 4.62 34.6 7.4 6 1340
CPW 2.01 4.39 45.8 7.3 7 1360
DAK 0.03 12.09 0.3 na na na
DAN 0.68 10.14 6.7 4.4 304 328
DAU 1.69 12.02 14.0 4.4 278 308
DAW 2.95 14.59 20.2 4.4 292 762
DHU 6.54 10.88 60.1 6.7 36 2080
DHW 6.27 12.50 50.2 6.6 46 2330
DPK 1.84 11.88 15.5 na na na
DPN 2.26 6.42 352 7.0 149 1689
DPU 3.35 13.85 24.2 7.0 129 1395
DPW 3.60 17.68 20.4 5.7 162 1689

EEE 0.17 1.77 9.7 7.0 1 37
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Figure A2-1. Correlation plot for water chemistry parameters including nutrients (measured fro

m

intial samples) and metals (measured from final samples). Only significant (p<0.05) correlation

values are included, where colour indicates the sign (positive or negative) and size and shading
indicates the correlation strength (larger is closer to 1).
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Figure A2-2. Oxygen concentrations by time for MilliQ and killed (1% volume concentration
HCI) controls during the experiment, where horizontal sections represent sites and colour

denotes layer (A=active layer, H=Holocene, and P=Pleistocene). Data points represent the mean

and standard error (often smaller than height of symbol) of triplicate experiment bottles, with
slight jitter to improve visibility of similar points (e.g., FM3-H and -P).
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Figure A2-3. The predicted normalized oxygen loss using the LASSO regression against the
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actual normalized oxygen loss, where the dotted line represents a 1:1 relationship. Shape denotes

the site and colour denotes the layer, where A=active layer, H=Holocene, and P=Pleistocene.
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Figure A2-4. Diversity metrics to indicate bulk differences in microbial community between
innocula treatments and over time. Final data points represent the mean with standard error bars
from triplicate experimental bottles, where colour denotes time and shape denotes treatment.
Letters and asterisks show significance for the two-way ANOVA with fixed effects of treatment
(different letters show significant differences) and time (*** is significant), where n.s.d. means
no significant difference. The index name is given in the header of each plot, with “free” y-axes
to capture the appropriate range for each parameter.
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Figure A2-5. The average count of bacterial classes for the control and treatment bottles at the
start (initial) and termination (final) of the experiment. The average represents the mean from
triplicate treatment bottles for U-, W-, N-amended leachate sample, as well as a MilliQ control
bottle. Results are based on the rarefied and decontaminated OTU table, presenting classes that
had greater than 100 counts at either stage.
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